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Abstract 
 
Nucleating boiling is a repeating cycle of bubble initiation, growth and departure at many 
nucleation sites at the heated wall. Thereby, the bubble growth process significantly affects the 
dynamics of bubble departure. Experiments were performed to study the influence of heater 
surface characteristics, such as wettability and roughness, on single bubble growth and 
departure dynamics for natural circulation and upward flow boiling conditions. Self-assembled 
monolayer (SAM) coating, wet-etching and femtosecond pulsed laser treatment were used to 
alter the surface wettability and produce nano- and microstructures on stainless steel surfaces 
with a roughness in the range of micrometers. These surface preparation techniques allowed to 
separately quantify the effect of surface wettability and roughness on the bubble dynamics. The 
surface wettability and roughness are represented by the liquid contact angle hysteresis (θhys) 
and root mean square roughness of the surface (Sq). Boiling experiments were conducted at 
atmospheric pressure with degassed deionized water at low-subcooling. Stainless steel heater 
surfaces were vertically oriented during natural circulation boiling. In the experiments, bubbles 
were generated from an artificial nucleation cavity on the treated stainless steel heater surfaces. 
High-resolution optical shadowgraphy has been used to record the bubble generation, 
departure, sliding, detachment and inception of the next bubble. Higher bulk liquid velocity 
yielded smaller bubble departure diameters and slower bubble growth rates for all heater 
surface types. The effect of surface wettability on single bubble dynamics was studied for 
smooth surfaces with different liquid contact angle hysteresis. Low wetting surfaces yielded a 
greater bubble growth rate and departure diameter. The bubble growth rate and departure 
diameter were found maximum for an intermediate surface roughness Sq between 
0.108 and 0.218 µm. The corresponding roughness height is referred to as the ‘optimal 
roughness height’ in this work. Surface roughness was found very influential to the bubble 
growth and departure, which can be explained by considering its interaction with the 
microlayer underneath a bubble. The role of the heater surface parameters for the bubble 
growth was qualitatively assessed by evaluating the microlayer thickness constant C2. Hence, 
an improved bubble growth model was derived in this work. The bubble growth model was 
formulated on the basis of the evaporation of the microlayer beneath a bubble with the dryout 
area, inertia and heat diffusion controlled bubble growth and condensation at the bubble cap. 
The model can also predict the superheated liquid layer around a bubble which helps to 
determine the portion of a bubble that is in contact with the subcooled liquid. As bubble growth 
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is highly dependent on the effective interactions of heater surface roughness and microlayer, a 
term Ceff was introduced in the bubble growth model. The effective microlayer thickness 
constant Ceff incorporates the impact of heater surface characteristics on the bubble growth 
process until the departure of a bubble. The bubble growth model was utilized in the analysis 
of high-resolution experimental data of steam bubble growth and the values of Ceff were 
calculated for different heater surface characteristics. The value of Ceff was found to decrease 
with the increase of bubble growth rate. A simplified model for the bubble departure criterion 
was derived from the expressions of forces which act on a nucleating bubble throughout its 
growth cycle. It was found that 90% of the departing bubbles satisfy the bubble departure 
criterion model with ±25% deviation. The knowledge gained from this work shall be 
particularly useful to improve nucleate boiling models for numerical simulations. The findings 
are also useful for designing heater surfaces in the future.  
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Kurzfassung 
 
Der Blasenabriss von einer Keimstellenkavität ist ein komplexer Ablösemechanismus und 
spielt eine wichtige Rolle beim Wärmetransport. Zur Beschreibung der Blasendynamik sind 
Kenntnisse über den Blasenwachstumsprozess sowie die Vorhersage eines Kriteriums für die 
Blasenablösung erforderlich. In den existierenden Blasenwachstums- und 
Blasenablösungsmodellen wird die Oberflächencharakteristik des Heizers bisher nicht 
berücksichtigt. Im Rahmen dieser Promotion wurden Experimente durchgeführt, um den 
Einfluss der Heizeroberfläche und der Hauptströmungsgeschwindigkeit auf diese Parameter 
für eine vertikale Heizfläche zu untersuchen. Hierbei wurden das Naturkonvektionssieden und 
das aufwärtsgerichtete Strömungssieden betrachtet. 
Die Experimente wurden mit vollentsalztem Wasser bei einer Unterkühlung zwischen 1,68 und 
4,00 K bei Atmosphärendruck und einem aus Edelstahl gefertigten Heizer durchgeführt, dessen 
Oberfläche anhand der Parameter Oberflächenrauigkeit und Benetzbarkeit charakterisiert ist. 
Unterschiedliche Oberflächenbearbeitungstechniken, wie Beschichtung durch Self-Assembled 
Monolayer (SAM), Nass-Ätzen und Hochleistungspuls-Laserbestrahlung wurden genutzt, um 
die Oberflächenbenetzung und –rauigkeit zu modifizieren. Der Unterschied zwischen dem 
gemessenen Fortschritts- (θadv) und Rückzugskontaktwinkel (θrec) der Flüssigkeit wird als 
Flüssigkeitskontaktwinkelhysterese (θhys) bezeichnet und beschreibt die 
Oberflächenbenetzbarkeit. Die Oberflächenrauigkeit wurde durch ein Konfokal-Mikroskop 
bestimmt und durch das gemittelte Quadrat der Rauigkeit (Sq) und den Maximalwert der 
Rauigkeit (St) definiert. Insgesamt wurden 18 unterschiedliche Heizoberflächen mit einer 
Größe von 130 x 20 mm² untersucht. Davon kamen jeweils die Hälfte für das 
Naturkonvektionssieden bzw. aufwärtsgerichtetes Strömungssieden zur Anwendung. Der 
Einfluss der Oberflächenbenetzbarkeit auf die Blasendynamik wurde für polierte Oberflächen 
(Sq ≈ 0,01 μm) analysiert. Die Wirkung der Oberflächenrauigkeit auf die Blasendynamik 
wurde für konstante Flüssigkeitskontaktwinkelhysteresen von 40,05°±1,5° und 59,97°±1,5° für 
Naturzirkulation und Strömungssieden untersucht. Eine künstliche zylindrische Kavität mit 
einer Fläche von 1963,5 µm² und einer Tiefe von 50 µm wurde mittels Mikrolaser in die 
Heizoberflächen eingebracht, um die Blasen in einer spezifischen Position zu erzeugen. 
Während des Naturkonvektionssiedens betrug die Wärmestromdichte 19,22 bis 30,29 kW/m². 
Bei den Experimenten mit aufwärtsgerichtetem Strömungssieden wurde die 
Hauptströmungsgeschwindigkeit im Bereich von 0,052 bis 0,183 m/s variiert und eine 
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Wärmestromdichte zwischen 39,41 und 45,47 kW/m² aufgeprägt. Daraus resultierten 
insgesamt 87 Experimentalserien. Um den Blasenlebenszyklus zu erfassen, wurde 
hochauflösende Bildgebungstechnik verwendet. Mit der Bildverarbeitungssoftware ImageJ 
wurden die erfassten Videos weiterverarbeitet. Die Temperatur der Hauptströmung wurde mit 
Typ-K Thermoelementen gemessen. Die zeit- und ortsgemittelten Heizerwandtemperaturen 
wurden für die Naturzirkulation durch Infrarotthermografie und für das aufwärtsgerichtete 
Strömungssieden durch Typ-K Thermoelemente erfasst. Die mittlere 
Flüssigkeitsgeschwindigkeit wurde bei der Naturzirkulation mittels Particle Image 
Velocimetry (PIV) und beim Strömungssieden mittels Coriolis-Durchflusszähler bestimmt. 
Eine hochauflösende optische Schattenbildtechnik diente zur Aufzeichnung der Hauptphasen 
des Blasenlebenszyklus: Blasenerzeugung, Blasenwachstum, Blasenablösung, Blasengleiten 
und Blasenabriss. In dieser Arbeit wurden die der Blasenablösung vorrausgehenden Phasen 
untersucht. Blasenhöhe, Blasenbreite, Blasenbasisdurchmesser und Schwerpunkt der Blase 
wurden mit Hilfe der Bildverarbeitung ermittelt. Der blasenäquivalente Durchmesser wurde 
mittels des geometrischen Mittelwertes, der Blasenbreite und der Blasenhöhe berechnet. 
Basierend auf den Messdaten können folgende Erkenntnisse für das Blasenwachstum und den 
Blasenablösemechanismus postuliert werden: 
(i) Eine höhere Wärmeströmedichte führen zu größen Blasen und kürzeren 
Wachstumsperioden. Der Einfluss der Oberflächenbenetzbarkeit und der 
Oberflächenrauigkeit auf die Blasendynamik zeigt ähnliche Tendenzen für 
Naturkonvektion und aufwärtsgerichtetes Strömungssieden. 
(ii) Eine höhere Flüssigkeitskontaktwinkelhysterese führt zu einer schnelleren 
Expansion der Blasenbasis und zu einem schnellern Blasenwachstum. Für gut 
benetzbare Oberflächen bewegt sich der Blasenschwerpunkt schneller entlang der 
Strömungsrichtung. Für Oberflächen mit geringer Benetzbarkeit ist die 
Blasengröße vor der Blasenablösung größer und die Ablöseperiode länger. Der 
mittlere Blasenablösedurchmesser für unterschiedliche 
Hauptströmungsgeschwindigkeiten der Flüssigkeit erhöht sich von 0,75 auf 
1,75 mm bei zunehmender Flüssigkeitskontaktwinkelhysterese von 42,32° auf 
62,30°. 
(iii) Eine, bezogen auf die Mikrogrenzschichtdicke, optimale Oberflächenrauigkeit 
erhöht die Blasenwachstumsrate und die Blasengröße. Dieses Ergebnis ist bisher 
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einzigartig bei der Untersuchung der Einzelblasendynamik beim Blasensieden. Die 
Expansion der Blasenbasis und der Blasenwachstumsrate erreicht ein Maximum für 
das gemittelte Quadrat der Rauigkeit (Sq) im Bereich zwischen 0,156 und 0,202 µm 
für Naturzirkulation. Für aufwärtsgerichtetes Strömungssieden war die Expansion 
der Blasenbasis und die Blasenwachstumsrate für Sq-Werte zwischen 0,108 und 
0,218 µm maximal. Der Blasenablösedurchmesser wurde für einen großen Bereich 
der Hauptströmungsgeschwindigkeiten und Wärmestromedichte gemittelt. Das 
Maximum des mittleren Ablösedurchmessers wurde für die Oberfläche mit einem 
Wert von Sq = 0,218 µm erreicht. Die Oberflächenrauigkeit erweitert die 
Wärmeübertragungsoberfläche neben der Blasenbasis. Der Einfluss der 
Oberflächenrauigkeitshöhe auf die Blasen hängt von der Mikrogrenzschichtdicke 
sowie vom Blasenbasisradius ab. Das Modell der Mikrogrenzschichtdicke von 
Cooper und Lloyd [1] und die konzeptionelle Idee zur Störung der 
Mikrogrenzschicht durch die Rautiefe von Sriraman [2] wurden analysiert. Es 
wurde nachgewiesen, dass die Oberflächenrauigkeit die effektive 
Mikrogrenzschichtdicke und die dazugehörige Wärmeübertragung beeinflusst.  
(iv) Es wurden geringere Blasenwachstumsraten für höhere Hauptströmungs-
geschwindigkeiten gemessen. Weiterhin reduzieren sich der 
Blasenablösedurchmesser sowie Ablöseperioden mit zunehmender 
Hauptströmungsgeschwindigkeit bei unterschiedlichen 
Wärmeoberflächencharakteristiken. Bei niedrigen Hauptströmungs-
geschwindigkeiten im Bereich zwischen ungefähr 0,052 und 0,16 m/s reduziert sich 
der durchschnittliche Blasenablösedurchmesser deutlich.  
Die experimentellen Ergebnisse zeigen einen wesentlichen Einfluss der 
Oberflächenbeschaffenheit auf das Blasenwachstum und den Ablöseprozess beim 
Blasensieden. Um diesen Einfluss numerisch zu charakterisieren, wurde ein neues 
Blasenwachstumsmodel entwickelt. Existierende Blasenwachstumsmodelle berücksichtigen 
den umfangreichen Einfluss der Oberfläche des Heizers bisher nicht. Das vorgeschlagene 
Model bezieht die plausibelsten Mechanismen des Blasensiedens mit ein. Dazu zählen: 
Mikrogrenzschichtverdampfung im Bereich der Austrocknung, trägheits- und 
wärmediffusionskontrolliertes Blasenwachstum und Kondensation an der Blasenoberseite. Das 
Modell berücksichtigt, dass die überhitzte Flüssigkeitsschicht an der Heizerwand durch die 
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wachsende Blase nach außen verdrängt wird und die so gestreckte Flüssigkeitsschicht einen 
Teil der Blase einhüllt. Kondensation erfolgt an der Blasengrenze, die in Kontakt mit der 
unterkühlten Flüssigkeit steht, und demzufolge mit der überhitzen Flüssigkeitsschicht nicht in 
Kontakt kommt. Das vorgeschlagene Blasenwachstumsmodel arbeitet mit drei Konstanten für 
die beschriebenen Wärmeübertragungsmechanismen beim Blasenwachstum. Dabei handelt es 
sich um eine Konstante für die effektive Mikrogrenzschichtdicke (Ceff ), eine weitere Konstante 
?́?𝑏 für die Wärmediffusion hin zur Blase und der Trägheit sowie letztendlich einer Konstante 
S ′ zur Abbildung des Kondensationswärmeübergangs, anhand der Beschreibung des Anteils 
der Blase, welcher in Kontakt mit der unterkühlten Flüssigkeit steht. Die effektive 
Mikrogrenzschichtdickenkonstante (Ceff) definiert den Einfluss der 
Heizoberflächencharakteristik auf die Verdampfung der Mikrogrenzschicht und somit die 
Blasenwachstumsrate beim Blasensieden. Die numerisch berechnete und experimentell 
gemessene Blasengröße wurde verglichen, um die Mikrogrenzschichtdickenkonstante Ceff zu 
definieren. Der Einfluss der Kondensation auf Ceff wurde geprüft. Es wurden niedrigere Werte 
für Ceff für wenig benetzende Oberflächen gefunden. Für Sq-Werte zwischen 
0,108 und 0,218 µm sind die Ceff sowohl im Fall der Naturkonvektion als auch für das 
Strömungssieden minimal. Die Werte für Ceff  als eine Funktion des gemittelten Quadrats der 
Rauigkeit der Oberfläche (Sq) und der Flüssigkeitskontaktwinkelhysterese (θhys) können im 
Blasenwachstumsmodel genutzt werden, um den Effekt der Oberflächenbeschaffenheit auf die 
Blasenablösung zu berücksichtigen. 
Des Weiteren wurde versucht, ein Blasenablösekriterium zu entwickeln, das die wesentlichen 
Kräfte an der Blase berücksichtigt. Dabei wurden die qualitative Abbildung der Kräfte durch 
Geometrieparameter der Blase sichergestellt und dazugehörige Terme formuliert. 
Abschließend wurde eine Gleichung für das Blasenablösekriterium gefunden. Von den 
gemessenen Blasenablösedurchmessern erfüllen 90% das Modell mit einer Abweichung 
von ±25%.  
In der vorliegenden Arbeit wurde ein fundiertes, physikalisch-basiertes Model für das 
Blasenwachstum, mit Termen für den Einfluss der Heizoberflächenbeschaffenheit auf das 
Blasenwachstum und ein vereinfachtes Model für das Blasenablösekriterium entwickelt, 
welches eine zuverlässige und präzise Vorhersage der Wärmeübertragung beim Keimsieden 
ermöglicht. Die Ergebnisse dieser Arbeit tragen wesentlich zur verbesserten Auslegung von 
Wärmeübertrageroberflächen bei. Durch eine systematische Kombination von Rauheit und 
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Benetzbarkeit konnten die Ablösedurchmessers der Blasen und somit die Wärmeübertragung 
optimiert werden.  
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CVD Chemical Vapor Deposition 
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HSVC High Speed Video Camera 
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Symbols 
 
A model parameter - 
area m² 
b constant - 
b́ model parameter - 
B model parameter - 
C2 coefficient - 
Ceff constant, quantifying the effect of heater surface 
characteristics on bubble growth 
- 
cp  specific heat capacity J/(kgK) 
dw bubble base diameter m 
Dd bubble departure diameter m 
Deq equivalent diameter m 
Dx bubble height m 
Dy bubble width m 
f bubble frequency  1/s 
F  force  N 
Fo Fourier number - 
g gravitational acceleration (=9.81 m/s²)  m/s² 
Gs non-dimensional liquid shear gradient - 
h heat transfer coefficient  W/(m²K) 
hfg latent heat of evaporation   J/kg 
Ja Jakob number  - 
𝑘𝑘 thermal conductivity  W/(mK) 
𝐾𝐾 constant, area influential factor - 
L thickness of hydrodynamic boundary layer, characteristic 
length  
m 
m constant, fraction of the bubble height - 
Nu Nusselt number - 
Nn nucleation site density  1/m² 
Pr Prandtl number - 
q″ heat flux W/m² 
q heat transfer rate W 
Symbols 
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r radius m 
rs ratio of actual to projected surface area - 
rw bubble base radius m 
R radius  m 
Ṙ bubble growth rate m/s 
Ra arithmetic mean deviation of the roughness profile m 
Re Reynolds number - 
Rq root mean square roughness m 
S suppression factor - 
S ′  portion of bubble in contact with subcooled liquid - 
Sa arithmetical mean height of surface  m 
Sp maximum peak height of areal surface m 
Sq root mean square roughness of surface  m 
St maximum roughness height of surface  m 
Sv maximum valley depth of surface m 
t time  s 
t+ nondimensional time - 
T temperature  K 
V volume   m³ 
Vl bulk liquid velocity m/s 
X part of bubble in contact with subcooled liquid m 
 
 
 
  
Greek Symbols 
 
α bubble advancing angle ° 
thermal diffusivity m²/s 
β  bubble receding angle  ° 
δ thickness of thermal boundary layer  m 
δml microlayer thickness  m 
ΔP difference in vapor pressure corresponding to ΔT Pa 
∆Tsub subcooling temperature  K 
∆Tw wall superheat  K 
θ subcooling factor 
  
- 
Symbols 
 
xviii 
 
liquid contact angle  ° 
σ surface tension  N/m 
μ dynamic viscosity kg/(ms) 
ν kinematic viscosity  m²/s 
ρ density  kg/m³ 
φ function of fluid parameters and microlayer constant K 
bubble inclination angle  ° 
ψ function of fluid properties  K 
∞ bulk, superheated liquid layer   - 
 
 
 
  
Subscripts 
 
adv advancing - 
b base, bubble, bubble surface - 
c condensation, conduction - 
cm center of mass - 
conv convective - 
d departure - 
eff effective - 
eq equivalent - 
ev evaporation - 
fc liquid phase convective - 
g growth - 
hys hysteresis - 
i initial, interface - 
l liquid - 
ml microlayer - 
nb nucleate boiling - 
qc quenching - 
rec receding - 
sat saturation - 
sup superheat - 
tot total - 
Symbols 
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tp two-phase - 
v vapor - 
w heater wall, waiting period - 
x normal to the heater wall - 
y upward direction - 
 
 
  
Superscripts 
  
0 initial 
 
 
- 
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Chapter 1 
Introduction and Motivation 
 
1.1  General overview 
Boiling occurs when a liquid is heated to a temperature at which its vapor pressure is above 
that of the surroundings. During boiling on a solid-liquid interface, the temperature of the 
surface exceeds the saturation temperature corresponding to the given pressure [3]. Boiling is 
classified into two main types depending on the bulk flow motion: pool and flow boiling. Pool 
boiling takes place on a heated surface submerged in a pool of initially quiescent liquid and 
flow boiling occurs in a flowing stream of liquid. The latter is distinctly different from the 
former one, as the forced flow of the multiphase flow system causes flow pattern transitions at 
a given wall heat flux. The reason is that the integral power deposited in the fluid increases as 
it flows along the channel [4]. Nukiyama was the first who explained different regimes of pool 
boiling with the help of the so called N-shaped boiling curve. Fig. 1.1 shows a typical boiling 
curve. The curve shows that the heat flux (q")  increases comparatively faster with the superheat 
in the nucleate boiling regime [5] than in the single phase convection regime due to its 
considerable capacity to carry enthalpy from the heater to the liquid. Here, heat flux (q") is the 
rate of heat transfer (q) per unit area (A) perpendicular to the heat flow.  During nucleate 
boiling, a liquid-to-steam phase change occurs and latent heat transfer comes into play. Latent 
heat of vaporization or evaporation (hfg) can be defined as the amount of heat required to 
transform one mole of liquid to its gaseous substance at its boiling point. In saturated or nearly 
saturated liquids, latent heat transport can be more significant compared to highly subcooled 
liquids [6]. Different mechanisms associated with the bubble ebullition cycle play a role for 
the enhancement of the total heat transfer from the heater surface to the bulk liquid. Hence, 
nucleate flow boiling is a more effective heat transfer mechanism than single-phase convective 
flow boiling and has numerous applications in chemical processes, nuclear, space, 
microelectronics, refrigeration and air conditioning engineering. Particularly it is used for 
technical applications that demand high heat fluxes while maintaining a relatively low surface 
temperature, such as, advanced micro-electrical devices and nuclear heat transfer systems. 
Recently, with the development of computational techniques, computer-aided engineering is 
widely applied in such applications. For example, Computational Fluid Dynamics (CFD) 
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simulations are widely used for thermal-hydraulic analyses and optimization of heat transfer 
systems. However, further improvement of boiling heat transfer in engineering applications 
and thermal-hydraulic analyses by CFD require a more in-depth knowledge about wall bubble 
dynamics. Quantitative parameters such as bubble departure diameter, bubble departure 
frequency and nucleation site densities are key to the successful prediction of wall-to-fluid heat 
transfer [7, 8]. 
 
 
Fig. 1.1: A typical boiling curve. 
 
Though nucleate boiling might seem to be a simple process at a first glance, it involves a 
considerable amount of complex multi-scale thermo-fluid dynamic sub-processes, which poses 
quite a challenge for the experimental and numerical analyses. A large part of the complexities 
of the physical processes arises from the mass, momentum and energy transport that takes place 
at interfaces (solid-gas, solid-liquid, liquid-gas, gas-liquid-solid) and the bulk [9]. These 
challenges let researchers investigate this field for decades. The influence of nano- and 
microstructured heater surfaces on the boiling heat transfer were summarized by some groups 
[10-13]. Different techniques, namely sand-blasting [14], biphilic coating [15, 16], particle 
coating [17-19], deep reactive ion etching [20] and selective laser melting [21] were employed 
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to modify the surfaces. They were found to outperform other surface modification techniques 
in terms of the boiling heat transfer coefficient. Plausible explanations of the effectiveness of 
these surface patterning techniques for enhancing the heat transfer performances are related to 
the wall bubble dynamics. One challenging aspect is to reveal the influence of the heated wall 
properties on the bubble dynamic sub-processes, such as bubble generation, growth and 
departure. Because the atomic structure of the solid (e.g. elemental composition, lattice 
structure and electronic properties), its nano-structure (e.g. nano-porosity, nano-layers) and 
microstructure (e.g. roughness) interplay with the bubbles in a complex and yet not well known 
way. Empirical studies with advanced measurement techniques and sophisticated multi-scale 
numerical simulations are expected to help in the gradual disclosure of the physical principles 
of bubble dynamics.  
 
1.2  Theoretical background 
A brief introduction to the current common knowledge of the growth and departure of a steam 
bubble during nucleate boiling might help in delineating the bubble dynamics in details and 
may also be useful for explaining the significance of this thesis.  
The geometrical conventions in the following will be such, that x is the coordinate normal to 
the heater wall, y is the coordinate in the upward direction, Dy denotes the bubble width, that 
is, the diameter of its projection onto the heater wall, and Dx the bubble height normal to the 
heater wall. The gas-liquid interface approaches the heater wall with an ‘advancing’ contact 
angle, 𝛼𝛼 (bottom) and ‘receding’ contact angle, 𝛽𝛽 (top). The distance between the apparent 
contact lines in the vertical direction is referred to as the base diameter, dw. The ‘×’ sign shown 
inside the bubble indicates the ‘center of mass’. ycm represents a vertical distance between a 
nucleation cavity and the center of mass of a bubble. The visual perception of a nucleating 
steam bubble during an ebullition cycle on a vertical heater is briefly introduced in 
Figs. 1.2 (a - e). At a nucleation site, which is often assumed to be a small cavity with a minute 
amount of entrapped gas, a steam bubble starts growing once a critical thermodynamic 
condition is reached (Fig. 1.2 a). The bubble grows at the nucleation cavity during its growth 
period (Fig. 1.2 b). With the increase of bubble size, the bubble tilts and hence its center of 
mass moves upward. Forces acting on the bubble also get influenced, as the bubble size 
increases. According to Kiper [22], the summation of different forces, namely the liquid inertia, 
pressure restraining, buoyancy and surface tension forces determine the departure of a bubble 
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from its nucleation position. Witze et al. [23] showed that the pressure restraining force 
influences the bubble growth process. At a certain point the balance of forces on the bubble 
leads to a departure from its position (Fig. 1.2 c). After departure, the bubble slides upward 
along the wall (Fig. 1.2 d). The bubble departure is a continuous process rather than an instant 
state, which is elaborated later (sub-section 2.3). However for simplification, the bubble 
departure can be defined by the condition ycm >  rw where the bubble inclination angle is 
assumed to be related with the movement of apparent contact lines of the bubble base.  
 
 
 
 
Fig. 1.2: Typical behavior of a nucleating steam bubble on a vertical heater wall. Top: (a) 
bubble nucleation, (b) bubble growth at the nucleation cavity, (c) bubble departure from its 
originating cavity, (d) the bubble slides a certain distance along the heater surface, (e) the 
bubble detaches from the wall and a new bubble is generated. Bottom: Geometrical parameters 
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of a bubble. The bubble departure and waiting periods are from a) to c) and c) to e), 
respectively. 
  
The time td between the inception and departure of a growing steam bubble is referred to as the 
departure period. During sliding, the bubble base is still in contact with the heat transfer surface. 
Heat is transferred to the bubble through this contact area and hence the bubble size continues 
to increase. While sliding the bubble commonly grows and its base may expand, shrink or 
remain unchanged depending on the surface characteristics at the bubble base. The sliding in 
turn distorts the thermal boundary layer around the bubble. The bubble base shrinks prior to 
the bubble detachment from the wall. When it becomes zero, the bubble leaves the heater 
surface (Fig. 1.2 e). The bubble diameter at this condition is referred to as lift-off diameter. The 
next bubble incepts from the same cavity some time after the bubble has left the original cavity 
(Fig. 1.2 e). The time period tw between the departure and the formation of a new bubble 
nucleus at the same site is referred to as the bubble waiting period [24-26]. Generally, the 
bubble lift-off diameter is larger than the bubble departure diameter for vertical pool and flow 
boiling [27-29]. Ramanujpau and Dhir’s [30] experiment showed that the bubble departure and 
lift-off diameters are the same for horizontal pool boiling. 
The total heat transfer from the wall into the fluid is often estimated through three main 
contributions: (i) the latent heat of evaporation to form and grow the bubbles ( evq′′ ), (ii) the heat 
required to rebuild the thermal layer on the heater surface after the departure of a bubble ( qcq′′ ) 
and (iii) the heat transfer to the liquid outside of the bubble-influenced area ( fcq′′ ): 
tot ev qc fcq q q q .′′ ′′ ′′ ′′= + +          (1.1) 
The bubble frequency f = (tw+td)-1 along with the nucleation site density Nn, the bubble 
departure diameter Dd,  the latent heat of evaporation hfg and the convective heat transfer 
coefficient hfc are the key parameters. They make up the total evaporative, quenching and 
convective heat flux in nucleate boiling: 
3
6ev d v fg n
q D h fN .π ρ′′ =  [8, 31] (1.2) 
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( )
2
2
4
l l p ,l d
qc w l w n
w
k c Dq T T t fK N .
t
ρ π
π
′′ = −  [32] (1.3) 
( )
2
1
4
d
fc fc w sub
Dq h T T K .π∆ ∆
 
′′ = + − 
 
 [26, 31] (1.4) 
Here, K is a bubble influence factor for which a recent study suggested K = 0.5 [33]. Among 
the different parameters of the bubble ebullition cycle the bubble departure diameter is one of 
the most important ones (Eqns. 1.2, 1.3, 1.4) as it is associated with latent heat. Eqn. 1.2 shows 
that the total latent evaporative heat transfer ( evq′′ ) has a cubic dependency on the bubble 
departure diameter and thus a slight uncertainty of this parameter can notably deteriorate the 
accuracy of the total heat transfer calculation. The departing bubble also has strong influence 
on the transient conduction heat transfer, as it destroys the superheated liquid layer on the heater 
surface during departure. 
 
A clockwise liquid circulation has been reported near the foot of a departing bubble on a 
horizontal surface due to the shrinkage of the bubble base [34]. This pushes the superheated 
liquid away from the heater wall. The colder liquid refills the area vacated by the bubbles in 
the course of departure. The liquid inflow towards the departing bubble base area is not only 
determined by the size of bubbles but also by the heater surface characteristics [35, 36]. The 
contribution of the liquid phase convective heat transfer ( fcq′′ ) to the total heat transfer is less 
than the quenching and the evaporative heat transfer [31]. Quenching heat transfer ( qcq′′ ) due to 
the transient heat conduction was found to dominate the heat transfer mechanism [31]. It can 
be concluded from these explanations that the growth and departure dynamics of an isolated 
nucleated bubble is crucial for the estimation of the wall boiling heat transfer. Researchers 
attempted to disclose the effects of different influential parameters such as fluid properties [37, 
38], subcooling [39-41], bulk liquid velocity [27, 29, 39-41], system pressure [39-42], heater 
surface characteristics [43], heater surface orientation [29, 40, 41, 44] etc. on the bubble 
dynamics. Experimental results of Sugrue et al. [40] showed that the mass flux and the system 
pressure are more influential to the bubble departure than the liquid subcooling and the applied 
wall heat flux. The significance of the heater surface properties for boiling heat transfer have 
already been discussed in sub-section 1.1. Recently, different groups conducted sophisticated 
investigations on the dependency of heated wall properties on the solid-liquid-vapor interface 
[45-49] for single bubble dynamics. These works confirmed that nano-micro patterned surface 
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profiles play an influential role on the isolated bubble dynamics and heat transfer. Hence, 
investigating the impact of heater surface wettability, roughness and bulk liquid velocity on the 
single nucleated bubble is crucial for enhancing the overall boiling heat transfer. As a result, 
these are the main variable parameters in this work. Another important parameter is system 
pressure. For controlling the influence of system pressure on bubble dynamics, all experiments 
have been conducted at constant pressure of 1 atm. 
 
1.3  Objectives and outline of the thesis 
This thesis describes experimental analyses, which were conducted to clarify the following 
open points: 
- The influence of heater surface wettability and roughness on the bubble dynamics 
during nucleate boiling. 
- The mutual influence of heater surface wettability, roughness and bulk liquid velocity 
on the bubble dynamics and departure. 
Furthermore, theoretical analyses were performed in this work to achieve the following model 
improvements: 
- Incorporating the effective impact of heater surface characteristics to the bubble 
growth model. 
- Developing a bubble departure condition that includes the contribution of the heater 
surface characteristics. 
The thesis is structured as follows. Chapter 2 discusses the current state of knowledge about 
the bubble growth and departure dynamics and reviews the relevant literature. Chapter 3 
introduces the preparation and analyzing techniques for the examined heater surfaces. Chapter 
4 delineates the experimental setup, measurement techniques, experimental procedure and 
relevant uncertainties. Chapter 5 discusses the experimental findings for the role of surface 
wettability, roughness and bulk liquid velocity on the bubble dynamics and departure. In 
Chapter 6, the experimental results are analyzed, an improved bubble growth model is 
developed and a simpler expression for the bubble departure criterion is formulated. 
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Chapter 2 
Fundamentals of Bubble Dynamics in Nucleate Boiling  
 
2.1  Bubble growth in nucleate boiling 
Bubbles may form in the bulk of the liquid or on a heater surface with pre-existing vapor 
cavities. The former and the latter are referred to as homogeneous and heterogeneous 
nucleation, respectively. Bubble dynamics and the associated heat transfer in heterogeneous 
nucleate boiling have been widely investigated over the past six decades. The basic physics of 
the bubble growth processes and the existing models are summarized below. This review is 
based on the existing literature. 
In 1917, Lord Rayleigh [50] solved the problem of the one dimensional momentum interaction 
between the bubble and the surrounding fluid. Liquid inertia was utilized as the limiting force 
for the bubble growth in his model. Later, Lien and Griffith [51] divided the total bubble growth 
period into two stages: initial and final growth period. At the initial stage, the hydrodynamic 
effects dominate the growth process due to the surface tension forces around the bubble surface. 
The bubble shape is hemispherical [52] and a so-called microlayer forms beneath the nucleated 
bubble in this period. Cooper and Llyod [53] explained that unless the liquid is strongly non-
wetting, some of the liquid on the heater surface gets overtaken by the growing bubble, thus 
forming the microlayer. The initial microlayer thickness can be calculated considering the 
boundary layer hydrodynamics [53] and the continuity and momentum equations [54] of the 
microlayer. Recently, Jung and Kim [55] incorporated the effects of surface tension, non-
hemispherical bubble shape and residual flow in a model of the initial microlayer thickness. 
The evaporation of microlayer contributes to the bubble growth which will be explained later. 
While the height of a nucleated bubble is smaller than the thickness of the superheated liquid 
layer on the heater surface (δw), significant mass transfer takes place from this layer to the 
bubble. Consequently, a bubble grows rapidly within the first few milliseconds [56] and pushes 
the surrounding liquid outward. As an effect, a thin unsteady thermal boundary layer of 
thickness δl develops between the saturated bubble dome and the surrounding liquid [57]. 
Zuber [58] postulated that a thermal wave advances from the vapour bubble interface into the 
liquid because of the growing bubble. The thickness of the thermal boundary layer (δl) 
increases until the thermal wave reaches the outer limit L of the hydrodynamic boundary layer. 
The bubble-liquid interfacial temperature drops from superheat to saturation temperature due 
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to the rapid expansion of the bubble surface. Mayinger [56] observed such a temperature 
gradient around the bubble after 1.3 ms of its inception. Fig. 2.1 illustrates the appearance of 
superheated liquid layer around a growing bubble in an infinite bulk liquid and on a vertical 
heater. 
 
 
Fig. 2.1: Bubble growth mechanisms based on the classical models [58-61]. Left: in an infinite 
bulk of uniformly superheated liquid. Right: on a vertically oriented heater in a non-uniform 
temperature field. 
 
During the final growth period, the superheated thermal boundary layer surrounding a bubble 
(δl) supplies substantial heat ( lq′′ ) to the bubble through the bubble-liquid interface and 
facilitates the bubble growth. This is known as heat diffusion. In a non-uniform temperature 
field, a part of heat transfers from the vapor interface to the bulk liquid ( bq′′ ). The microlayer 
underneath the bubble base evaporates ( mlq′′ ) at this stage and contributes to the growth of a 
bubble as well. The microlayer evaporation is highly dependent on the microlayer volume. It 
is evident that the microlayer can deplete completely due to vaporization and a dryout area 
condition occurs [62]. A dryout area may also appear when the microlayer rolls up from the 
dry inner region due to the surface forces. A large amount of enthalpy is taken away by the 
bubble at the beginning of the final growth period. Fig. 2.2 briefly demonstrates the heat 
transfer mechanisms which contribute to the bubble growth. The interfacial velocity of the 
bubble is slowed down and the thermal energy of the boundary layer around the bubble surface 
decreases in the final stage of the bubble growth period [52]. Koffman and Plesset [63] as well 
as Jung and Kim [64] conducted experiments using degassed de-ionized water at subcooled 
conditions and atmospheric pressure. Koffman and Plesset [63] stated that the microlayer 
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contributes around 50% of the total heat flux from the wall into the bubble, while according to 
Jung and Kim [64] it is 17%. However, the general consensus is that the contribution of the 
superheated liquid layer surrounding the bubble is greater than the microlayer evaporation in 
the bubble growth and departure during subcooled nucleate boiling [64, 65], i.e., l mlq q′′ ′′> . When 
the bubble diameter increases further, the top of the bubble passes through the saturated layer 
of liquid and enters the subcooled bulk liquid region (Fig. 2.2). Thus, condensation heat transfer 
( cq′′ ) takes place at the bubble cap. A further consideration is that condensation at the bubble 
cap may not start when the bubble height just becomes larger than the thickness of the 
superheated liquid layer. The reason is that a growing bubble pushes the superheated liquid 
layer outward and a portion of the bubble stays within the envelope of this layer (δl). 
Temperature gradients inside and outside of this superheated liquid layer were observed by 
some investigators [34, 66]. Hoang et al. [67] determined the fraction of the bubble surface 
area available for condensation by equating the latent heat crossing the bubble surface with the 
sensible heat conducted to the superheated liquid layer surrounding the bubble via transient 
heat conduction. The superheated liquid layer over the heater surface was not considered in 
their balancing equation. As long as the total mass due to the microlayer evaporation and the 
heat diffusion through the bubble surface exceeds the condensation mass, the bubble continues 
to grow. The condensation effect becomes significant and the bubble growth will be gradually 
slowed, when a large portion of the bubble top is exposed to the subcooled bulk liquid. 
 
 
Fig. 2.2:  Schematic of boiling heat transfer near a heater surface. 
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The effect of heater surface characteristics on the bubble growth can be analyzed by 
investigating the interactions between the heater surface profile and the liquid microlayer 
beneath a nucleated bubble. Such interactions might play a prominent role in the heat transfer 
as the height of surface roughness and the microlayer thickness are of similar length scale. In 
general, the parameters that influence the contribution of the microlayer evaporation to the 
bubble growth are the fluid properties (such as latent heat of vaporization) [65], liquid 
subcooling, system pressure [1], surface characteristics [45, 47, 62]. Surface characteristics, 
for example wettability, possibly affect the hydrodynamics of the microlayer formation though 
the dependencies of surface properties on the microlayer dynamics are yet to be elucidated in 
details. Phan et al. [68] developed an energy factor, which was defined as the ratio of the energy 
needed to form a bubble with a contact angle on the surface to that needed to form a 
homogeneous bubble with the same diameter. They used this energy facor to analyze the effect 
of surface wetting characteristics in bubble size. Nam et al. [69] simulated the effect of low-
wetting surfaces on the bubble growth by assuming the bubble contact angle as a constant 
value. A literature review to correlate the heater surface characteristics on the bubble growth 
dynamics is given later in sub-section 2.4.1. 
 
2.2  Bubble growth models 
Bubble growth models were developed on the basis of different mechanisms, such as liquid 
inertia, heat diffusion, microlayer evaporation and condensation. Liquid inertia was postulated 
as the controlling factor for the bubble growth in few earlier models. Some models suggested 
that the bubble growth is governed by heat diffusion from the superheated liquid layer around 
the bubble [59-61]. A number of heat diffusion based bubble growth models were developed 
for a bubble growing in an infinite bulk of superheated liquid [59, 61]. Zuber [58] suggested 
that the hydrodynamics and the energy aspects should be taken into account while a bubble 
grows on a heating surface, and additionally, that the effects of surface tension, viscosity and 
contact angle should be included in the bubble growth models. Mei et al. [70] asserted that 
most of the energy transferred to the bubble goes through the microlayer. Hence, this effect has 
to be included into the bubble growth models too. They further added that the time scale 
required for the heater to adjust its temperature into uniform distribution for most boiling 
systems is much longer than the bubble departure time. Therefore, the energy release rate due 
to the bubble growth is much larger than that added to the solid surface and the wall temperature 
directly beneath the microlayer decreases, both in space and in time. As a result, the actual 
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bubble growth rate becomes lower than the predicted one by assuming a constant wall 
temperature. Few other groups combined the effects of microlayer evaporation and heat 
diffusion at the bubble surface to derive expressions for bubble growth [71]. The temperature 
field in the liquid near the bubble boundary during subcooled boiling was observed to change 
noticeably [72, 73]. Chen and Mayinger [72] found that the condensation rate at the bubble 
surface varies with the latent heat of evaporation of different working fluids. Because of that, 
different groups recommended to add a convective term to the bubble growth models for 
incorporating the condensation effects [7, 57, 74]. Table 2.1 summarizes the most prominent 
bubble growth models. 
 
Table 2.1:  Summary of the most important bubble growth models. 
Author Model Features 
Plesset and 
Zwick [59] 
( ) 0 53 .dR t Ja .
dt t
α
π
 =  
 
 
w sat
p ,l l
fg v
T TJa c .
h
ρ
ρ
−
=  l
l p ,l
k .
c
α
ρ
=  
• The bubble is assumed spherical 
throughout its growth and has 
uniform temperature and pressure. 
• Compressibility and viscous effects 
are neglected in the bubble growth 
mechanisms. 
Zuber [58] ( ) 0 5.dR t b Ja .
dt t
α
π
 =  
 
 
‘b’ is the correction factor for 
sphericity.  
• 1 ≤ 𝑏𝑏 ≤ √3 is valid for the saturated 
bulk liquid at atmospheric pressure 
and at low wall heat flux. 
( ) 0 5. b
fg v
dR t qb Ja b .
dt t h
α
ρπ
′′ = − 
 
 
‘ bq′′ ’ is the heat flux from the vapor 
interface to the bulk liquid. 
• Bubbles grow on a heated surface in 
a non-uniform temperature field. 
• Heat transfers in two opposite 
directions: from the surrounding 
superheated liquid layer (T∞) to the 
saturated bubble interface (Tsat) and 
from the bubble interface (Tsat) to the 
bulk liquid (Tl). 
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Mikic et al. 
[75] 
( )dR t A.dt.=   ; 1t+   
( )dR t B. dt .=   ; 1t+   
2
2
A tt .
B
+ =  
1
2
lv v
l sat
h TA b
T
ρ ∆
ρ
 
′=  
 
, 
1
212
lB Ja.απ
 =  
 
 
• The total kinetic energy of the 
moving liquid is equivalent to the 
work done at the bubble-liquid 
boundary. 
• Bubbles start to grow on a surface 
from zero radius rather than a critical 
radius. 
• Both the liquid inertia and heat 
transfer controlled growth stages are 
included. 
( ) 1 21
2
w sat
w
dR t T TB t .
dt T t tt
θ
∆
  −
 = −  +   
w l
w sat
T T .
T T
θ
−
=
−
 
• Bulk liquid of uniform temperature 
(Tl) comes into contact with the hot 
surface (Tw) and after a certain 
period of time (tw) a bubble forms 
and grows. 
Cooper [1] ( ) 0 50
2
2 .w, sat ldR t T T .
dt C t
ν
φ
−  =  
 
 
( )0
2
2
2 11 p ,l w, sat
lv l
c T T
. .
C h Pr
φ ψ
 − = + 
  
 
v lv
l
l p ,l
h Pr .
c
ρ
ψ
ρ
=  2 0 8C . .=  
• Bubbles solely grow due to the 
evaporation of the microlayer that 
exists beneath the bubble base. 
• A dryout area in the microlayer is 
included. 
• The thermal capacity of the 
microlayer is neglected. 
Yun et al. 
[74] 
( ) 0 5. i
fg v
dR t S qb Ja b .
dt t h
α
ρπ
′ ′′ = − 
 
 
( )i c sat lq h T T .′′= −  
( )0 5 0 32 0 6 . .lc
b
kh . Re Pr .
d
= +  
b=1.56, 0 5S . .′ =  
• Both heat diffusion at the bubble 
surface and condensation at the 
bubble cap are considered during the 
bubble growth. 
• Half of the bubble surface is assumed 
to be in contact to the subcooled bulk 
liquid. 
• Microlayer evaporation and dryout 
in microlayer are not taken into 
account. 
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Colombo 
and 
Fairweather 
[7] 
( ) ( )
0 5
0 5
2
1 ..
l
dR t
Ja Pr
dt C t
α−  =  
 
 
( ) ( )
0 5
0 5
3 1 1
.
l sat i
.
v fg fg v
k T T S qS .
h t hπ ρ α ρ
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• Microlayer evaporation, heat 
diffusion and condensation heat 
transfer contribute to the bubble 
growth. 
• A dryout area in the microlayer is not 
considered. 
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• Microlayer evaporation, heat 
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bubble. 
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• Heat from the microlayer 
evaporation and heat transfer with 
the surrounding liquid are included 
in the modelling of bubble growth. 
• Condensation effects are considered 
based on existing data bases. 
• A dryout area is not incorporated in 
the model. 
 
None of the models in Table 2.1 includes the effect of heater surface characteristics, though as 
mentioned above, the surface wettability and roughness possibly have great impact on the 
bubble growth dynamics [38, 68, 69, 77-79]. Jung and Kim [55] derived an expression from 
Smirnov’s [54] modelling of the initial microlayer thickness and deduced the similar form 
(δml,0=C2�νtg) having a microlayer thickness constant C2 as obtained by Cooper [1]. The 
formation of an initial microlayer thickness was evaluated on smooth surfaces in both methods. 
Here, ν is kinematic viscosity and tg is the bubble growth period at the point considered. The 
value of C2 was found in the range of 0.50 to 1.0 for toluene and isopropyl alcohol [53], 0.33 
to 0.50 for ethanol and water [63] and 0.22 for ethanol [80] in different experimental studies. 
The theoretical investigations of Smirnov [54] and Ouwerkerk [81] determined C2 as 1.05 and 
1.27, respectively. The discrepancies of the values of the initial microlayer thickness constant 
may result from the varying parameters of fluid properties, inertia, surface tension forces, etc. 
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The influence of the microlayer on the bubble growth does not depend only on the initial 
microlayer thickness. The effective interactions between the microlayer and the heater surface 
profile also play a role. This should be included in the bubble growth model. The model also 
needs to account for the dryout area. Another aspect is that some of the models in Table 2.1 
used Ranz and Marshall’s [82] correlation for predicting the condensation effects, whereas the 
Ranz and Marshall’s model was developed for evaporating spherical water droplets in air. 
Amongst others Warrier et al. [83], Chen and Mayinger [72], Lucic and Mayinger [84] and 
Kim and Park [85] developed models for the condensation of steam bubbles in the liquid water 
for a wide range of Reynolds number, Jakob number and bubble diameter (Table 2.2). One of 
the considerations regarding the condensation has been mentioned above, i.e., the superheated 
liquid layer gets stretched due to the growing bubble. It affects the bubble condensation. This 
mechanism is also yet to be addressed. These are the shortcomings of the existing models. 
 
Table 2.2: Models for condensation of steam bubbles in liquid water. 
Author Correlation Applicability 
Chen and Mayinger 
[72] 
0 7 0 50 185 . .c bNu . Re Pr .=  Before detachment, 
100 10000bRe< <  
Warrier et al. [83] ( )0 5 0 33 0 9 0 66700 6 1 1 2. . . .c bNu . Re Pr . Ja Fo .= −  20 700bRe< < , 12 100Ja< < , 
1 8 2 9. Pr .< <  
Lucic and 
Mayinger [84] 
0 61 0 33 0 311 46 . . .c bNu . Re Pr Ja .
−=  1000 3400bRe< < , 10 30Ja< <  
Kim and Park [85] 0 70 0 4564 0 20430 2575 . . .c bNu . Re Pr Ja .
− −=  1000 6000bRe< < , 18 36Ja< < , 
1 87 2 03. Pr .< <  
  
2.3  The physical process of bubble departure 
In simple words, the bubble departure criterion can be defined as a condition in which a 
growing bubble leaves the cavity and the cavity mouth is free for the growing of a subsequent 
bubble. High resolution optical observations manifest that the bubble departure comprises of 
complex mechanisms. Jung and Kim [64] observed the complete depletion of the microlayer 
beneath the nucleated steam bubble on a horizontal surface during the growth period and then, 
that the bubble base shrank. The shrinkage of the bubble base was followed by departure [86]. 
The hydrodynamic stability of a cylindrical neck between the bubble and the heater surface 
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was in the focus of the studies of Koumoutsos et al. [87] who characterized the incidence of 
bubble departure. Staniszewski [88] found a slower growth of bubbles on vertical heaters 
compared to horizontal heaters. The same study did not show a significant effect of heater 
orientation on the bubble departure diameter. The bubble departure diameters were found both 
bigger [44] and smaller [29, 40] for vertical heaters in pool and flow boiling experiments, 
respectively. The test medium of these experiments was pure water with different degree of 
subcooling (< 1 K [29], 10 and 20 K [40] and 5-20 K [44]). The test heaters were of stainless 
steel [40, 44] and silicon substrates [29]. Goel et al. [44] further added that the bubble departure 
frequency is greater for vertical heaters at pool boiling conditions. However, pool boiling on a 
vertical surface is more complicated than on a horizontal surface, because the bubbles grow at 
an angle with respect to the heater surface in response to the upward buoyancy force. Therefore, 
forces acting on the bubbles are directed normal and parallel to the heater wall. In this case, 
bubbles may depart from the nucleation site by sliding, which is not the case for pool boiling 
on a horizontal heater [89]. The departure of a steam bubble is appreciably more complex in 
flow boiling conditions. Duhar et al. [90] performed experiments on bubbles for horizontal 
flow boiling and asserted that at the beginning of the bubble growth the bubble velocity along 
the flow direction is greater than the bubble-liquid interface velocity (dR dt⁄ ). These two 
velocities are very close until the bubble departure and the bubble velocity along the flow 
direction sharply increases after departure. 
The bubble departure criterion is mostly derived from force balances [7, 40, 41]. Table 2.3 
summarizes the equations of different forces and Fig. 2.3 shows their directions. Several 
investigators [8, 74, 89, 91, 92] well explained the forces, which are buoyancy (Fb), unsteady 
drag (Fdu), quasi-steady drag (Fqs), surface tension (Fs), added mass (Fgrowth, bulk), shear lift 
(Fsl), contact pressure (Fcp) and hydrodynamic pressure (Fh) force. They are acting on the 
nucleating bubble and its base. The total sum of the forces changes with the bubble size and 
the base diameter. All these forces can be classified into two categories: static and dynamic 
forces [29]. The fluid motion around the bubble is insignificant for the static forces but plays a 
role for the dynamic forces. Kiper [22] explained the departure of a bubble from the heating 
surface by the application of the force balance equations just prior to the necking of the bubble. 
In the earlier stages of the bubble growth, the equation is not satisfied and the vapor bubble is 
held down on the surface by the hydrodynamic forces. However, when the sum of the forces 
along the flow direction is just greater than zero, then the bubble departs.  
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Table 2.3: Expressions for the forces governing bubble departure [8, 89]. 
Force Expression 
Surface tension force ( )
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− −
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Fritz [93] correlated the bubble departure diameter by balancing buoyancy (Fb) with surface 
tension (Fs) force for horizontal pool boiling. According to Han and Griffth [94], a bubble 
departs from the surface when the bubble growth velocity is zero. Chen and Chung [95] 
performed experiments on horizontal heaters and stated that primarily buoyancy and inertia 
forces are responsible for the bubble departure, wherein the interfacial surface tension along 
the contact line invariably acts to hold the bubble in place on the heater surface. Klausner 
et al. [91] improved the force balance relationship. They compared Fsx and Fqs for flow boiling 
conditions and argued that Fsx is not sufficient to prevent a vapour bubble from departure. Due 
to the asymmetrical bubble growth on the heater surface, liquid drag on the bubble surface 
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exhibits an unsteady drag force (Fdu). This force acts opposite to the flow direction and is 
important in holding the bubble at its nucleation site prior to departure.  
 
 
Fig. 2.3: Forces acting on the bubble in upward flow boiling. 
 
Thorncroft et al. [89] introduced an added mass force (Fgrowth,bulk) which is associated with 
bubble growth for flow boiling, acts entirely in the positive y-direction and assists the bubble 
departure. Inertia and drag forces depend on the bubble growth velocity [88]. The bubble-liquid 
interface experiences a quasi-steady drag force (Fqs) due to the bubble velocity (Vb) relative to 
the bulk liquid velocity (Vl) that acts parallel to the flow direction. Fqs was suggested as the 
dominant force for the bubble departure conditions on a horizontal heater surface by Klausner 
et al. [91]. Chang [96] combined the static forces (Fb, Fs) with the dynamic forces (Fqs, Fsl) to 
develop a bubble departure criterion for flow boiling on an inclined surface. The significant 
forces for the bubble departure on vertical heaters in Cho et al. [97] were supposed to be Fb, 
Fs, Fdu and Fqs. They defined the bubble departure diameter as a function of contact angle, with 
bubble size and contact angle being dependent on the bubble base diameter. Sugrue and 
Buongiorno [8] performed a sensitivity analysis to find out the dominant forces for different 
mass fluxes. The bubble departure mechanism was found to be sliding for low mass flux where 
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Fb and Fsy are dominant. For a high mass flux regime, Fsx and Fsl were found more influential 
for the bubble detachment. 
 
2.4  Experimental investigations of bubble dynamics 
High resolution imaging techniques are extensively employed for the investigation of single 
nucleating bubbles. Schweizer and Stephan [98] performed an experiment where bubbles were 
nucleated from an artificial cavity on a thin stainless steel foil. The bubble shape and the 
temperature distribution of the heating foil were measured by high-speed imaging and infrared 
thermography techniques, respectively. Major motivation of the experiment was to investigate 
the influence of gravity on the bubble departure diameter and frequency. Gerardi et al. [31] 
carried out a sophisticated experiment where they deposited a thin film of indium-tin-oxide 
(ITO) onto a thicker sapphire substrate and used this as a heater. With the help of synchronized 
high-speed video imaging (500 fps) and infrared thermometry (500 fps) they captured time and 
space resolved information on the bubble nucleation, departure and frequency. Duan et al. [99] 
also used ITO on a sapphire substrate and synchronized particle image velocimetry, infrared 
thermography and high-speed videometry to study the bubble nucleation, growth, departure 
and frequency. The frame rates of these techniques were higher than that of Gerardi et al. [31]. 
One of the main purposes of this experiment was to generate a database for the validation of 
numerical models. Jung and Kim [64] studied a single bubble on a horizontal surface with the 
intention to understand the fundamental heat transfer mechanisms of nucleate boiling. A thin 
ITO film on calcium fluoride (CaF2) was used as heater. Their study implemented infrared 
thermometry to temporally synchronize and spatially map the heater surface temperature 
distribution, a reflection technique for the liquid-vapor phase distribution and laser 
interferometry to measure the microlayer geometry during a single bubble life cycle. They 
interpreted their results such that the heat transfer distribution on the wall beneath a bubble is 
strongly dependent on the position of the liquid-vapor phase boundary and the microlayer 
distribution. The wall heat transfer was found to be intensive in the microlayer and a dryout 
area appeared as a result of the microlayer evaporation. Baltis et al. [100] also claimed to 
observe the dry spot under the bubbles on the heater surface even for upward flow boiling of 
water. Yabuki and Nakabeppu [101] studied the heat transfers on the wall and the microlayer 
evaporation beneath an isolated bubble during subcooled boiling. They used degassed and 
distilled water. A high-speed video camera with a frame rate of 6000 fps and a MEMS sensor 
with a sampling frequency of 50 kHz were used to measure the bubble size and the local heater 
Fundamentals of Bubble Dynamics in Nucleate Boiling 
 
21 
 
surface temperature distribution. The MEMS sensor was arranged on a silicon substrate. The 
microlayer thickness was calculated by integrating the microlayer evaporation rate and it was 
found thinner at higher formation velocity with increasing wall superheat. The average 
microlayer evaporation heat flux was higher and the heat transfer coefficient was lower for 
higher subcooling of the bulk liquid. However, they argued that more experimental data is 
required to better understand the influence of bulk liquid temperature on the microlayer 
evaporation. Chen et al. [102] used two high-speed video cameras (5000 fps) to simultaneously 
record the bubble growth and laser interferometric fringes which are reflected from the 
microlayer. They generated bubbles on horizontal quartz glass with water in saturated nucleate 
pool boiling at atmospheric pressure. Their findings inferred that the detachment of a bubble 
causes a decrease in the outermost initial microlayer thickness. Rainbow Schlieren 
deflectometry was used by Narayan et al. [73, 103] to map the temperature gradient around a 
single vapour bubble of water at saturated conditions. The superheated layer was found to 
engulf the growing vapour bubble. Additionally, the bubble departure was followed by the 
scavenging of the superheated layer from the heater surface. Influence of heater surface 
properties, orientations and bulk liquid velocities on the microlayer evaporation and bubble 
dynamics were not in the main focus of the above investigations. Nevertheless, these studies 
help in gaining better insights into the physical processes and the knowledge can be utilized to 
predict the bubble dynamics accurately. 
 
2.4.1  Effects of heater surface characteristics 
The impact of heater surface characteristics on the bubble dynamics may be understood through 
the thermo-hydrodynamics of the microlayer beneath a nucleated bubble. In 1969, Cooper and 
Lloyd [53] argued that the hydrodynamics of microlayer formation might be affected by the 
wetting characteristics of the heater surface. Numerous groups employed the shadowgraph 
imaging technique to investigate the effect of heater surface wettability [29, 38, 43, 68, 69] and 
roughness [44, 79, 104, 105] on the bubble dynamics and departure for pool and flow boiling. 
Phan et al. [68] coated stainless steel surfaces to alter the wettability and achieved static liquid 
contact angles with water in the range of 20° to 110°. The experiment was performed with 
deionized water on horizontal heater surfaces. Larger bubbles and lower bubble emission 
frequencies were found for the well-wetting surfaces. Nam et al. [38, 69] used high-speed 
microscopy to capture the single bubble dynamics on hydrophobic and hydrophilic surfaces. 
Bare silicon substrates (44°) were coated with Teflon to get hydrophobic (120°) surfaces. 
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Nanostructured CuO was formed on bare silicon surfaces to increase their wettability (7.5±2°). 
They measured static liquid contact angles with water as well. Artificial cavities of 7~15 µm 
diameter and 20 µm depth were prepared to produce bubbles. Bubble departure diameters were 
found almost 3 times larger on the hydrophobic surfaces [69] and 2 times smaller on 
hydrophilic surfaces [38] compared to uncoated silicon surfaces for horizontal pool boiling. 
Bubble growth periods were 60 times longer for the low-wetting surfaces and 4 times shorter 
for the well-wetting surfaces compared to the uncoated surfaces. Several other researchers 
found that the bubble departure diameter increases with the liquid contact angle [49, 106, 107] 
and with the increase of heat flux or wall superheat [37]. Rousselet [29] studied the effect of 
heater surface wettability on the bubble departure diameter for a wide range of bulk liquid 
velocities (0 - 0.30 m/s) but his findings were inconclusive. Moreover, he found that the bubble 
departure diameters were almost the same on vertical and horizontal heaters for well-wetting 
surfaces (static liquid contact angle of 19°). Bubble sliding velocities were found greater [79] 
and the sliding distances were shorter for well-wetting surfaces [29, 79]. Bubble base diameters 
were found to increase for the surfaces with larger liquid contact angle [79]. Jo et al. [78] 
claimed that the direction of the surface tension at the triple-point (three-phase intersection) is 
towards the generated bubble side for the hydrophilic cases and outward of the vapor bubbles 
for the hydrophobic cases. Therefore, a hydrophobic heater surface results in a larger contact 
area than a hydrophilic surface. Consequently, on hydrophobic surfaces larger bubbles are 
generated. However, the findings of the aforementioned studies are not in agreement with the 
results of Phan et al. [68]. In addition, few studies elucidated the effects of bubble base area 
and bubble contact angle on the microlayer evaporation. Phan et al. [108] concluded that the 
area of the liquid microlayer decreases and the thickness of it increases with the increase of 
bubble contact angle. Microlayer evaporation was also argued to increase with bubble base 
area [109] and for sliding bubbles [110]. 
Roughness, though being one of the main parameters of surface characteristics, has been so far 
a lesser subject of investigations according to the available literature. However, it can be 
hypothesized that even small-scale increase of surface roughness may increase the evaporative 
heat transfer area, as the ratio of actual to projected surface area is higher for rough surfaces. 
Ojha et al. [111] studied the role of surface structure on the phase change heat transfer. They 
found a better evaporative heat transfer for rough surfaces (root mean square roughness, 
Rq = 1.0-12.5 nm). Kruse et al. [112] fabricated surface structures via a femtosecond laser 
surface processing technique. According to them, the boiling heat transfer coefficients increase 
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when the surface area ratio (3.85-4.7) and the peak-to-valley height (7.1-35.8 µm) of micro-
structures increase. The influence of surface roughness (Rq = 1.4 - 7.8 µm) on the heat transfer 
coefficients at lower heat flux were not conclusive. Kim et al. [113] investigated the effect of 
roughness (Ra = 0.042-1.54 µm) for pool boiling of water on hydrophobic surfaces. Boiling 
heat transfer coefficients were initially high for the rough surfaces (Ra = 0.552-1.54 µm) and 
decreased rapidly as the heat flux increased in their experiments. For smooth surfaces 
(Ra = 0.042-0.113 µm), heat transfer coefficients increased slowly, reached a maximum values 
and then decreased. The different trends for the boiling heat transfer coefficients with respect 
to surface roughness were ascribed to the variation of nucleation site densities and vapour 
blanketing on the surface. Goel et al. [44] studied the effects of stainless steel surface roughness 
on the bubble departure for subcooled nucleate pool boiling. The test medium was 
demineralized water and the surface roughness was in the range of Ra = 0.50-3.54 µm. They 
found that the departure diameter decreases as the surface roughness increases. The bubble 
departure frequency increases with the surface roughness only at low wall superheat. The 
interactions of the heater surface profile and the microlayer dynamics were not addressed in 
their study. Kim et al. [47] observed a larger bubble size and a lower bubble frequency on the 
designed surface structure due to the trapped superheated liquid layer between the 
microstructures. Zou et al. [45] reported an early evaporation of microlayer beneath the bubble 
base. An almost 5.25 times higher bubble growth rate was found on the ridge-structured surface 
compared to a plain surface in their work. Sriraman [2] hypothesized the nano-fin effect on the 
microlayer. He postulated that on a plain surface the microlayer does not get disrupted during 
bubble growth. Nano-fins unsettle the liquid microlayer when their heights are within the 
thickness of the liquid microlayer and the microlayer gets disrupted if the heights of nano-fins 
exceed the thickness of liquid microlayer. Furthermore, the disturbed or disrupted liquid 
microlayer increases the contact area between the microlayer and the heater surface profile as 
well (Fig. 2.4). It can be added that if the surface roughness height is higher than the microlayer 
thickness, then the thickness of the liquid microlayer increases because the surface profile 
hinders liquid movement and raises heat transfer resistance [79]. A wave formation in the liquid 
microlayer is possible when the capillary force is significant [114]. Sarker et al. [79, 105] found 
that the heat transfer to the bubble was the greatest due to the maximum microlayer evaporation 
rate at an intermediate roughness height.  
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Fig. 2.4: Illustration of microlayer disruption by nanofins [2]. (a) For a plain heater surface, 
(b) for a surface profile submerged in the microlayer and (c) for a partially submerged surface 
profile. 
 
2.4.2  Effects of bulk liquid velocity 
The bulk liquid velocity is another important parameter that impacts the bubble dynamics. 
Several studies asserted that for higher bulk liquid velocity the bubble growth rate and the 
departure diameter decrease [27, 29, 115]. The bubble growth rate significantly influences the 
departure diameter and they are positively correlated [29]. One of the reasons for decreasing 
the bubble growth rate could be that the increase of bulk liquid velocity leads to a decrease in 
thermal boundary layer thickness on the heater surface which decreases the heat diffusion to 
the bubble [29]. Prodanovic [39] experimentally investigated the steam bubble behavior in 
upward subcooled flow boiling at low pressures (1.05 to 3 bar), low bulk liquid velocities 
(0.08 to 0.8 m/s) and subcooling from 10 to 30 K. It was reported that the bubble sliding 
velocity was greater than the bulk liquid velocity due to the buoyancy effects at low bulk liquid 
velocity and heat flux conditions. The bubble sliding velocity dropped below the bulk liquid 
velocity, once the bubble size was reduced for high heat flux and high subcooling experiments. 
The experimental results and the models for forced convective subcooled upward flow boiling 
conditions with water at atmospheric pressure were analyzed by Situ et al. [116]. They 
developed a dimensionless bubble departure frequency model for lower wall superheat. 
Sugrue et al. [40] performed an experiment using de-ionized water for mass flux values of 250, 
300, 350 and 400 kg/m²s. The equivalent diameter of rectangular flow channel was 16.7 mm. 
They observed that the bubble departure diameter decreased with increase of the bulk liquid 
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velocity and these experimental results underpredicted the bubble departure diameters 
calculated by Klausner et al.’s [91] and Yun et al.’s [74] models. Yoo et al. [117, 118] 
performed experiments for HFE-301 on vertical ITO film heaters for upward subcooled flow 
boiling conditions. Their findings are in agreement with other groups [27, 40]. That is, bubble 
size and axial bubble velocity decreased and the bubble release frequency increased with the 
increase of bulk liquid velocity. As the bulk liquid velocity impacts the bubble growth rate 
even in the early growth period, it can be postulated that the microlayer hydrodynamics may 
also get affected by the bulk liquid velocity. Using the assumption of a hemispherical bubble, 
Jung and Kim [55] found that the velocity of microlayer boundary increases with the bubble 
growth rate. For non-hemispherical steam bubbles in horizontal pool boiling they showed that 
the ratio of microlayer radius and bubble radius (Rm Rb⁄ ) is less than 1. It implies that the 
microlayer area is positively correlated with the bubble growth rate and negatively correlated 
with the bulk liquid velocity. This impact on microlayer formation in turn may influence the 
bubble growth rate as well. Condensation heat transfer on the bubble surface due to the bulk 
liquid velocity probably also affects the bubble departure diameter. Condensation rate increases 
with the bulk liquid velocities, thus bubble growth rate and bubble departure diameter may 
decrease. Cao et al. [119] visualized a special role of condensation heat transfer at the upstream 
side of the bubble. They stated that the Marangoni flow along the bubble surface leads to a 
bubble deformation. 
Eventually, the role of some other parameter, such as the fluid properties and system pressure 
on the departing bubble sizes and bubble contact angles are briefly summarized here. The 
bubble-bubble and bubble-solid interactions are also reported to have impact on the bubble 
dynamics. In a dielectric fluid (FC 72) the bubble departure diameter was found 4 times smaller 
than for water [38]. The departure diameter and frequency increased with the decrease of 
system pressure [40, 88] and with the increase of bubble contact angle [109]. At higher flow 
velocities, the advancing and receding contact angles were found to increase and decrease, 
respectively in the study of Kandlikar and Stumm [120]. For the cases of lower flow velocities, 
the contact angles were equal. Later Jia and Dhir [28] found that for a vertical surface, 
regardless of flow velocity, the difference between advancing and receding contact angle 
increases with time. Thus, the effect of bulk liquid velocity on the bubble contact angle is 
disputable. The interplay between the hydrodynamic and thermal interactions of growing 
bubbles on the adjacent nucleation sites affects the size and frequency of departing bubbles 
[121, 122]. Siedel et al. [123] observed oscillations of a growing bubble on a horizontal 
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surface. As a consequence, one bubble interacts with the preceding bubble released from the 
same nucleation site. Thus, a departing bubble influences the growth of the following bubble 
and it was suggested to incorporate this factor in the bubble growth model. 
 
2.5 Chapter conclusion 
From the literature survey, it can be concluded that heater surface wettability, roughness and 
bulk liquid velocity have significant impact on the bubble growth and departure. Mutual 
influence of these parameters on the bubble dynamics is not investigated in the above-
mentioned works, though it must be very common in real applications. Moreover, in most cases 
the effect of surface characteristics on single bubble dynamics was studied for horizontal 
heaters. Additionally, existing bubble growth and bubble departure models do not account the 
role of heater surface characteristics. Therefore, experiments have been performed in this thesis 
to take into account the impact of each of these parameters (surface wettability, roughness and 
bulk liquid velocity) as well as their simultaneous effect on the bubble dynamics for vertically 
oriented heaters. Furthermore, theoretical analyses were done in this work as well to 
incorporate surface characteristics effect into a bubble growth model and a bubble departure 
criterion. In the following chapters test surface preparation, boiling experiments and analysing 
of experiments are discussed. 
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Chapter 3 
Heater Surface Preparation and Characterization 
 
Heater surface preparation and analysis of their characteristics were important parts of this 
work. This chapter explains the relevant surface properties for this study and introduces the 
surface preparation and characterizing techniques. In order to stay close to practice, 0.5 mm 
thick stainless steel heater plates were used in the experiments, as steel is common in many 
heat transfer applications. The thermal conductivity and the electrical resistivity of the used 
stainless steel material were 15 W/mK and 0.73 Ω mm²/m at 20°C, respectively.   
 
3.1  Surface properties 
Some influential surface properties governing the bubble dynamics for nucleate boiling are 
wettability, topography, porosity, cavity size and cavity shape. Wettability describes how easily 
liquid spreads over a surface. According to Choi and Kim [124], the dynamic motion of the 
liquid-solid-gas interconnected lines is balanced by dynamic contact. The liquid spreadability 
is described by the contact angle (θ) that forms at the triple contact line (Fig. 3.1 a). A contact 
angle on a smooth surface is a function of fluids and surface material. For a rough surface, 
Wenzel [125] included a roughness factor (rs) with the well-known Young [126]’s equation to 
define the wetting properties (Fig. 3.1 b). The following expression of the liquid contact angle 
is applicable for a homogeneous rough surface when it is completely wetted: 
sv sl
m s s r
lv
cos r r cos .γ γθ θ
γ
−
= =         (3.1) 
Here rs is the ratio of actual to projected surface area, θr is the static contact angle on an ideal 
surface (Young contact angle) and θm is the apparent contact angle on a geometrically rough 
surface. γsv, γsl and γlv are the surface tension at the interfaces of solid-vapor, solid-liquid and 
liquid-vapor, respectively. Eqn. 3.1 becomes more complex when surface heterogeneity, 
anisotropy and other particularities come into play. The advancing front of a liquid spreading 
over hydrophobic surfaces forms a contact angle of more than 90° and for hydrophilic surfaces, 
the liquid contact angle is less than 90° (Fig. 3.2). In general, a fluid spreads and beads on well- 
and low-wetting surfaces, respectively [127]. Surface roughness is a component of surface 
texture and an important parameter that affects the tribological behaviour of surfaces. It is 
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quantified by the deviations of surface profiles in the direction of normal vector from an ideal 
flat surface (Fig. 3.3). 2D parameters can be restrictive to specify surface roughness. Hence, 
3D parameters are used in this work to precisely characterize the surface roughness. It is 
typically described by the arithmetic average of the absolute values of surface profile heights, 
Sa = 1
n
∑ yi(x,z)dx.dz
i=n
i=1 , the square root of the sum of the squares of the individual heights and 
depths from the mean height, Sq = �1
n
∑ yi
2(x,z)dx.dzi=ni=1 �
1 2⁄
 and the maximum height between 
the valley and peak of surface profile, St = Sp+Sv of the measured area. In Fig. 3.3 the dashed 
line indicates the estimated mean line of the surface profile height and n is the number of the 
deviations. Sq is known as the root mean square roughness of the surface. Sa and Sq represent 
an overall measure of the surface texture. Sa is less sensitive than Sq to large peaks and valleys 
from the mean height. 
 
                   
         (a)                                                         (b) 
Fig. 3.1. Liquid contact angle on a smooth (a) and rough (b) surface. 
 
 
  (a)                                                                         (b) 
Fig. 3.2. Hydrophilic (a) and hydrophobic (b) surface. 
 
 
Fig. 3.3. Measurement of the surface profile. 
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One particular issue associated with wettability with respect to the bubble dynamics is, that 
heat transfer surfaces are never completely smooth. Previous studies showed that with the 
increase of surface roughness surface wettability may both increase [128] and decrease [129]. 
Suitable combinations of nano- and microstructuring of surface profiles control the spreading 
and hindering behavior of liquid over a surface. Separation of the impact of surface wettability 
and roughness on the bubble dynamics is necessary for an improved fundamental 
understanding. Surface wettability can be altered by using surfactant solutions [37, 130] and 
depositing particles of different materials on surfaces [68]. Surfactants change not only the 
surface wettability but also the properties of the test fluid. Microparticles introduce 
microcavities in surfaces [17] and alter the surface wettability as well. Thus, bubbles are 
produced in random positions, which are not desired for single nucleating bubble experiments. 
The deposition of chemicals on surfaces also modifies the surface wettability. Self-assembled 
monolayer (SAM) coating, chemical vapor deposition (CVD) or oxidation techniques can 
change the surface wettability without altering the roughness noticeably. Therefore, deposition 
of ultrathin layers is one of the reliable methods for influencing the surface wettability and 
investigating the isolated bubble dynamics in nucleate boiling. Deep reactive ion etching [20] 
and laser irradiation [112] are useful techniques to modify the surface texture in a controlled 
manner to avoid randomness in structures and prevent unwanted nucleation cavities. Among 
them femtosecond pulsed laser irradiation is a popular technique to modify stainless steel 
surfaces. A surface roughness height (St) of less than ~5 µm is suitable for investigating 
isolated bubbles in nucleate boiling. This limit of surface profile height was found during 
experiments in this work for a wide roughness range. A surface profile height with more than 
5 µm may act like bubble nucleation cavities. In total 18 different test surfaces were treated by 
various techniques in order to get a range of surface wettability and roughness in this work. 
The surface preparation methods which were used are wet-etching, self-assembled monolayer 
(SAM) coating and high-power pulsed laser irradiation. Geometry and shape of a cavity were 
kept constant, to nullify their effect on the bubble dynamics. The surface preparation and 
analyzing techniques are explained below.  
 
3.2  Surface preparation 
All the test surfaces were mirror polished with root mean square roughness Sq ≤ 0.01 µm prior 
to employ most of other surface treatment techniques. Numerous techniques are available for 
polishing the surfaces, such as mechanical finishing, laser polishing, electro-polishing, plasma 
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polishing, etc. To achieve mirror polished stainless surfaces, grinders were first used in this 
work for removing irregularities and additional materials, if there were any. Imperfections, 
such as scratches, pits of surfaces were removed by the polishing processes. Surfaces were 
cleaned properly after different polishing steps. Finally, the surfaces wered buffed to achieve a 
mirror finish. Also a focused laser beam was used for smoothing some of the stainless surfaces. 
Thereby, the laser beam melts the material locally and smooths it during resolidification. Laser 
ray melted the thin layer of the material. These processes take a comparatively short machining 
time, which is also useful to obtain the required lower roughness. The total size of the heater 
which was used in the boiling experiments was 130 x 20 mm². 
 
3.2.1  Self-assembled monolayer coating 
The self-assembled monolayer (SAM) coating is done by depositing a layer of molecules on a 
substrate by simply dipping it in a special liquid solution. According to literature, the 
monolayer is ultra-thin and the length of a formed C-C single bond is about 0.15 nm. A SAM 
layer is about 10 carbon atoms, which is around 1-1.5 nm thick. As the thickness of SAM 
coating is in the nanometer scale, it does not influence the roughness of surfaces notably. The 
SAM coating method explained in Harm et al. [131] was applied in this study to modify the 
wettability of surfaces. Polished and rough surfaces were coated by 
Heptadecafluorodecylphosphonic acid (HDPA) (CAS 80220-63-9) and Etidronic acid (EDA) 
(CAS 7414-83-7) to decrease and increase the surface wettability, respectively. In the first step, 
surfaces were cleaned as needed by mechanical treatments, rinsing with water and subsequently 
with ethanol. Pretreatment of the samples is required in the coating process. For this, samples 
were cleaned with 95% ethanol and then dipped into 10% HNO3 at 40°C for 4 minutes. SAM 
formation on the surfaces was done by submerging the samples completely in a diluted aqueous 
solution of the particular phosphonic acids. The coatings were generally deposited on the 
surfaces by 1 minute dipping at 40°C with a 1 mmol solution of phosphonic acid in deionized 
water or water-ethanol mixture. In the case of HDPA as phosphonic acid, a solvent of 50% 
ethanol was used instead of water. It is because addition of ethanol helps to dissolve poorly 
soluble phosphonic acids in water. After that, the samples were stored in a dust-free atmosphere 
for 6 hours to allow an optimal SAM orientation. This way, SAM molecules can form uniform 
layer on the surface profile.  
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3.2.2 High-power pulsed laser irradiation 
The polished stainless steel surfaces were nano- and microstructured in a 12 mm2 area with 
linearly polarized pulsed laser light (wavelength 790 nm, pulse width approx. 100 fs, pulse 
repetition rate 1 kHz, spot size 1.13 x 10-2 mm2) with an amplified Ti:Sapphire laser. To 
generate the laser induced periodic surface structures (LIPSS) in the irradiated area, a laser 
fluence exceeding the ablation threshold limit for the given material is required. Fig. 3.4 shows 
a schematic of LIPSS writing and laser irradiated area.  
 
 
  
Fig. 3.4: Illustration of pulsed laser treatment of a target and 3D surface profiles of laser 
treated samples obtained from confocal microscopy. Sketch of a formation of an extended 
structured area by LIPSS writing (a), hydrophilic LIPSS structured surface produced with high 
irradiation dose (b) and hydrophobic LIPSS structured surface produced with lower 
irradiation dose (c). 
 
In this study, this range of fluences was achieved by focusing the laser beam on the target. The 
size (lateral period and height) of the LIPSS can be adjusted via variation of laser intensity, 
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scanning speed and lateral overlapping of the scan lines. Here, the laser fluence (1.15 J/cm²) 
and the overlapping (50%) were kept constant and the scanning speed was varied between 0.5 
mm/s and 10 mm/s. At low irradiation dose (1.15 J/cm², 20 pulses/spot) homogeneous and 
regularly structured surface patterns of low roughness were obtained while application of high 
irradiation dose (1.15 J/cm² × 800 pulses/spot) led to complex multiscale 3D patterns of higher 
roughness. More details of stainless steel surface preparation by femtosecond laser treatment 
can be found in Varlamova et al. [132]. 
 
3.2.3  Wet-etching 
Wet-etching is used to control the roughness of surfaces. Stainless steel surfaces were etched 
by dipping polished samples in an acid solution (H2O: HCL: HNO3 = 6:6:1) for a time period 
in the range of 5 to 35 minutes at room temperature. Generally, surfaces get rougher when 
dipping periods are longer. The minimum and maximum root mean square roughness were 
0.004 and 0.549 µm. 
 
3.3  Surface cleaning 
The presence of dirt and impurities on the surfaces may cause erroneous results. Hence, test 
samples were cleaned before measuring the surface parameters (liquid contact angle and 
surface roughness) and using them in the boiling experiments. Surfaces were cleaned in an 
ultrasonic bath with ethanol at 40°C for 30 minutes. Liquid ethanol on the test surfaces was 
dried by a nitrogen flow just after taking out the samples from the ultrasonic bath. 
 
3.4  Surface characterization 
3.4.1 Wettability measurement 
The surface wettability was assessed using a goniometer (DataPhysics OCA 30) following the 
dynamic liquid contact angle measurement method rather than the static liquid contact angle 
method. Shi et al. [133] commented that under dynamic conditions the capability of static 
contact angles to characterize surface wetting is limited. Dynamic liquid contact angles were 
measured following the sessile drop method. Thus, both the advancing and receding behavior 
of a water droplet on the treated surfaces were captured. The liquid contact angle measurement 
method is illustrated in Fig. 3.5. First a 2 µl pure water droplet was placed on a surface. After 
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adjusting the alignment of the base line along the substrate another 8 µl of water was dispensed 
at 0.3 µl/s. Thus the droplet was expanded. During this expansion, the so-called advancing 
liquid contact angle θadv was measured. The receding liquid contact angle θrec was measured 
in a similar way while the liquid was re-dispensed at the same velocity and the contact line was 
contracted. In this regime, the contact angles approach to a maximum and minimum value 
respectively, and form plateaus.  
 
 
Fig. 3.5. Dynamic contact angle measurement by the sessile drop method. 2 µL of droplet is 
dispensed to fix the alignment (a), advancing contact angle measurement (b) and receding 
contact angle measurement (c). 
 
The averaged values of the maximum and minimum plateaus were taken as the advancing and 
receding liquid contact angles. The difference between the advancing and receding liquid 
contact angle is known as the liquid contact angle hysteresis �θhys = θadv-θrec�. The liquid 
contact angle hysteresis is the results of the pinning effect of the three-phase contact line. The 
significance of liquid contact angle hysteresis to characterize a surface has been extensively 
investigated by different groups and they concluded that it arises from the surface roughness 
and/or heterogeneity [127]. 
 
3.4.2 Roughness measurement 
The surface topography was analyzed using a non-contact optical method namely confocal 
microscopy (µsurf expert, xy-resolution: 0.3-3µm, z-resolution: 3 nm). The images of surface 
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topography were obtained with a 50x lens over an area of 320 μm x 320 μm. From these images, 
the 2D and 3D profiles were created and the roughness parameters (Sa, Sq, St etc.) were 
calculated in accordance with the international standard ISO 25178. The measurement errors 
arising from noise and slight vibrations of the surroundings were reduced during analysis by 
setting the z thresholds carefully. The homogeneity of the surface wettability and roughness 
has been checked by imaging the surface topography at 6 different locations on the surfaces 
for each kind of preparation. The surface roughness and wettability were measured before and 
after the boiling experiments. The averaged values of these two measurements of the samples 
are used to characterize the surfaces.  
 
3.4.3 Analysis of surface characteristics 
This section reports an analysis of stainless steel surface characterization by surface profiles 
and determined surface roughness parameters. Exemplary 2D surface profiles explain surface 
structures which were produced by mirror polishing, wet-etching and high-power pulsed laser 
irradiation techniques (Figs. 3.6 and 3.7). Fig. 3.6 a shows that a mirror-polished stainless steel 
surface profile does not have distinguishable peak and valley structure and that the distance 
between peak and valley is not more than 20 nm. Hence, a dispensed liquid droplet does not 
experience any major pinning effect from the surface profile and the spreading of a liquid 
droplet is comparably easier on this surface. The wet-etching technique produced a rough 
surface and the surface profile does not have any regular periodic patterns (Fig. 3.6 b). The 
peaks and valleys of the surface profile are comparatively stiffer in this case. Therefore, the 
edge of a liquid droplet cannot expand easily over such surface due to frequent and sharp 
change of peaks and valleys of surface. Generally, the wettability of a wet-etched surface 
decreases with the increase of roughness. A surface exhibiting hydrophobic properties is 
structured with fine ripples of lateral periods (Figs. 3.4 c, 3.6 c). This surface has a low 
roughness. The hydrophilic behavior is observed for surfaces with higher roughness for which 
high laser irradiation power was applied. Typical patterns for hydrophilic surfaces are 
nanostructured micro-islands separated by deep channels (Fig. 3.4 d, 3.6 d). 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Fig. 3.6. Surface profiles from confocal microscopy for mirror polished (a), wet-etched (b), 
low-dose laser irradiated (c) and high-dose laser irradiated (d) stainless steel surfaces. 
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(a) 
 
 
(b) 
Fig. 3.7: Surface parameters and the corresponding preparation methods of the test samples 
for natural circulation (a) and upward flow (b) boiling experiments. 
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The treated surfaces were used for the experiments of natural circulation boiling (NCB) on 
vertical heaters and for upward flow boiling (UFB). 9 different samples were investigated for 
each of these types of experiment. Figs. 3.7 (a, b) show the advancing liquid contact angle 
(black-filled square symbol), the liquid contact angle hysteresis (squared plus symbol) and the 
maximum roughness height (right y-axis) for the root mean square roughness of different 
surfaces. The deviations of surface wettability and roughness due to preparation and analysis 
are also depicted in the graphs with error bars. Moreover, the preparation techniques for 
different surfaces are shown in the figures as well. Figs. 3.7 (a, b) show the samples which 
were used for the NCB and UFB experiments. SAM coatings were applied on 4 different 
polished surfaces (Sq < 0.01 μm). The liquid contact angle hysteresis (θhys) of the uncoated 
polished surfaces were 39.2° and 49.22° in Fig. 3.7 (a) and 3.7 (b), respectively. The HDPA 
coating on polished surfaces gives a liquid contact angle hysteresis (θhys) of 71.2° (Fig. 3.7 a) 
and 65.30° (Fig. 3.7 b). The polished surfaces were coated with EDA to increase the wettability 
and yielded θhys of 33.6° and 42.32°. Thus, 3 different wetting surfaces were obtained for both 
the NCB and UFB experiments where roughness effect on boiling is negligible. 
Some surfaces were treated with a wet-etching solution and a femtosecond pulsed laser 
treatment to achieve different roughness for similar wettability. It was found that the surface 
roughness increased with etching duration. The minimum etching period was 5 mins and it 
produced an Sq from 0.09 µm to 0.108 µm. An Sq of 0.549 µm was produced for the maximum 
etching period (35 mins) of this work. The acidic solution of wet-etching method removes a 
layer of material from the surfaces. Therefore, the roughness of a wet-etched surface does not 
solely depend on the etching period and the chemical composition of the solution, but also on 
the elemental composition, grain size and orientation of the solid material. Monolayer coatings 
were deposited on two rough surfaces (Sq = 0.266 µm and 0.392 µm) to change the wetting 
characteristics of them for the UFB experiments (Fig. 3.7 b). The HDPA and EDA coatings on 
the surfaces with Sq = 0.266 µm and Sq = 0.392 µm yielded a liquid contact angle hysteresis 
of θhys = 68.55° and θhys = 45.95°, respectively which is shown in Fig. 3.7 b. High-power 
pulsed laser irradiation was applied on 4 samples of NCB experiments to get different 
roughness heights. For the surfaces with a liquid contact angle hysteresis of 40.50° ± 1.55° 
different root mean square roughness were found, i.e. 0.0041 µm, 0.422 µm, 0.204 µm and 
0.156 µm (Fig. 3.7 a). The lowest liquid contact angle hysteresis is found for one of the laser 
treated surfaces (Sq = 0.067 µm). Despite of the lowest θhys, the advancing liquid contact angle 
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was more than 90°. The reason is that the receding contact angle of this surface was the highest 
compared to other samples, thus wetting is lower. Test surfaces for UFB experiments also had 
different roughness (Sq = 0.108, 0.218, 0.406 and 0.549 µm) which θhys is 59.97° ± 1.50°. 
However, this study addresses the role of heater surface roughness (Sq in the range from 
0.01 μm to 0.549 μm) and surface wetting characteristics on the bubble dynamics. 
 
3.4.4 Uncertainty of surface parameters 
With the increase of surface roughness height deviations of surface profile measurement are 
increased. The deviations of Sq and St for polished surfaces were determined as ± 0.00195 µm 
and ± 0.0362 µm and for rough surfaces, they were ± 0.0275 µm and ± 0.285 µm, respectively. 
The measurement of liquid contact angle also gives some uncertainity. The maximum 
deviations for advancing liquid contact angle and liquid contact angle hysteresis were found to 
be ± 6.879° and ± 4.109°. 
 
3.5 Artificial cavity preparation 
The cavity is an important item in nucleate boiling. Because a cavity traps vapour and it 
becomes as a nucleus for hetergenous nucleation.  
 
 
Fig. 3.8. Artificial cavity prepared by a microlaser on a (a) polished and (b) rough surface. 
 
To initiate nucleate boiling in a well-defined position, a cylindrical artificial cavity of 
approximately 1963.5 µm² and 50 µm depth was prepared by the microlaser. The deviations in 
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the preparation of the cavity diameter were determined as ± 8.00%. Figs. 3.8 (a, b) show SEM 
images of such cavities on a smooth and rough heater surface. 
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Chapter 4 
Experimental Setup and Procedure 
 
This chapter delineates the experimental setup, measurement techniques, experimental 
procedure, image processing and uncertainties of the data. Two types of experimental setups 
for different flow conditions, that is, natural circulation boiling and upward flow boiling, were 
used in this work. Material of the heater was stainless steel and deionized water at atmospheric 
pressure in low subcooling condition was used as heat transfer fluid for the experiments. The 
velocity of the bulk liquid was varied in the upward flow boiling experimental setup. This way, 
the impact of bulk liquid velocity on the bubble dynamics was investigated. 
 
4.1  Natural circulation boiling (NCB)  
4.1.1  Experimental procedure and measurement techniques  
The natural circulation boiling experiments were carried out in a borosilicate glass vessel 
(Fig. 4.1) at 1 bar. A test setup comprises of an external electrical heater to control the sub-
cooling of the liquid and a power source to heat up the test surfaces. Before conducting the 
experiments, the glass vessel and test surfaces were cleaned properly. The glass vessel was 
cleaned by acetone and then rinsed with deionized water. A copper plate and high thermally 
conductive grease between the bottom of the glass vessel and the electric oven guaranteed a 
good heat transfer. The deionized water in the loosely covered glass vessel was degassed by 
boiling it up to saturation temperature and further heating it at that temperature for at least 
4 hours by an electric oven underneath the glass vessel. It was done to ensure the space above 
the water to be filled with vapor such that air may not get into the water. Also other groups, 
e.g. Goel et al. [44] and Kim et al. [134], boiled the water up to 30 mins and 1 hour, respectively, 
for degassing. The test heaters were attached to the copper contacts. The samples were directly 
heated via the copper contacts which connected them to the electrical power source. During 
degassing the power source was turned on to heat up a test heater until the bubble generation 
from the artificial cavity started. This was done for some time so that the entrapped gases in 
the tiny natural or artificial cavities of the heater surface got released. Experiments were 
conducted for heat input rates in the range of 19.22 - 30.29 kW/m². The subcooling of the test 
liquid was maintained by the same electrical oven by adjusting the heat flux while performing 
the experiment. As indicated in Fig. 4.1, the glass wall had a rectangular opening at the heater 
Chapter 4 
 
42 
 
side. The heater plates were tightly glued to that wall with a temperature-resistant silicon 
sealant (thermal conductivity 0.2 W/(mK)) such that the back-side of the heater could be 
directly accessed with an IR camera. 
 
 
Fig. 4.1: A schematic of the NCB test section top view (a) and side view (b). 
 
An infrared (IR) camera (VarioCAM HD, 1024 x 768 pixels, ±1 K accuracy, frame rate 30 Hz) 
was used to measure the heater temperature distribution. The recording speed of the images 
was set to 240 Hz and thus, the spatial resolution was 68.36 x 208.33 μm2 per pixel2. The rear 
side of the plate was coated with a heat resistant black paint with an emissivity value of 0.93. 
The camera captured the infrared radiation in the wavelengths range from 7.5 to 14 μm which 
is emitted from the back side of the heater plate. Basically, it detects the intensity of infrared 
radiation and outputs the signal as a digital count. The conversion of the radiation intensity to 
the temperature fields was done based on a counts-to-temperature calibration curve. For the 
calibration of IR measurements, a thermocouple was fixed on the heated plate. The maximum 
deviation between the IR and the calibrated thermocouple measurements was ±0.5 K. Since the 
thickness of the heater wall is 0.5 mm and the heater material is non-transparent, only the area-
averaged temperature around the cavity area was recorded. A software named 
IRBIS 3 Professional was used to process and analyze the thermographic image sequences. 
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Additionally, the inside temperature of the heater wall Tw was calculated using heat transfer 
coefficient correlations (shown in Table 4.1) and the following equation:  
( )( ) 1w sat conv w l
nb
T T q h T T .
h
′′= + − −        (4.1) 
The heater wall temperature was calculated to verify the experimental results. Fig. 4.2 shows 
the calculated and experimentally measured temperatures. A combination of McAdam [135] 
and Chen’s [136] correlation for the convective and nucleate boiling agrees well with the 
experimental results. The bulk liquid temperatures were measured by K-type thermocouples. 
Two K-type thermocouples were fixed above and below the heater in the bulk liquid in such a 
way that they did not influence the natural circulation flow of the liquid and thus affected the 
bubble dynamics. Furthermore, the liquid velocity fields generated by the heating were studied 
with particle image velocimetry (PIV) technique using particles of 6.72 μm size stained with 
ethidium bromide as seeds in the liquid. The velocity fields were scanned with 2400 Hz 
temporal and 13.22 µm/pixel spatial resolution. For each measurement, 500 frames were 
recorded and averaged by the post-processing software LaVision DaVis 8.2.1. Thus, a bulk 
liquid velocity due to the thermally induced buoyancy was determined in the range of 0.01 to 
0.025 m/s near the heated samples. 
 
Table 4.1: Correlations for wall temperature calculation. 
Authors Correlations Remarks 
McAdams 
[135] 
Convective boiling:  
0 80 0 40 0366 . .convh . Re Pr .=  
For flat plate. 
Used in wider range of Reynolds 
number because of its simplicity. 
Chen [136] Nucleate boiling:  
0 79 0 45 0 49
0 24 0 75
0 5 0 29 0 24 0 240 00122
. . .
l p ,l l . .
nb sat. . . .
l l lv g
k C
h . T P S.
h
ρ
σ µ ρ
 
= ∆ ∆  
 
 
6 1 17
1
1 2 53 10 .tp
S .
. x Re−
=
+
 
Retp is calculated for quality = 0. 
sat w satT T T .∆ = −  
 
The bubble life cycle was recorded by high resolution optical shadowgraphy using a MotionPro 
high-speed video camera (1280 x 1024 pixels and 1030 frames per second) equipped with an 
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AF Micro-Nikkor 105 mm f/2:8D lens and close-up macro filters of +5 diopters. During the 
experiments the images were recorded with 2400 frames per second for samples with 
Sq = 0.0637 µm, 0.4224 µm, 0.202 µm and 3000 frames per second for Sq = 0.156 µm. The 
spatial resolution was 20.25 µm per pixel for these measurements. For the other samples the 
recording speed was set to 2500 frames per second and the spatial resolution was around 30 µm 
per pixel. 
 
 
Fig. 4.2: Heater wall temperature at low Reynolds numbers. 
 
4.1.2 Uncertainty analysis 
The various measured quantities have their own uncertainties. The electrical power source has 
an uncertainty of around 1% and as the long connection cables produce some losses. The 
heating current and voltage were measured directly at the connections of the heater plates 
during experiments. All the thermocouples were calibrated against a reference thermometer 
and the maximum deviation of reference and measured values of thermocouples at higher 
temperature (more than 90°C) was less than 1 K. The values of deviations were averaged and 
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it was found to be ±0.3 K. The uncertainty of the bubble size which is induced by the bulk 
liquid velocity was also taken into account. Rousselet [29] studied the effect of liquid velocity 
on the isolated bubble departure, lift-off and sliding for deionized water at 1 bar. With their 
findings the influences of buoyancy induced flow in the vessel on the bubble departure 
diameter, lift-off diameter and sliding velocity were estimated and it was less than 10%. The 
spatial uncertainty of the imaging technique was estimated from the pixel resolution as ± 0.063 
mm. Parameters, such as diameters, distances and center of mass positions were ensemble-
averaged for many single bubbles (typically ~ 25). The uncertainty on geometrical 
measurements of bubble sizes is thus ± 0.017 mm for less than 65 pixels per bubble and 
± 0.109 mm for larger ones. Standard deviations of these multiple readings were determined. 
According to the so-called three-sigma rule, 68.27% of captured curves are one standard 
deviation (± 0.0506 mm) away from the averaged values. 
  
4.2  Upward flow boiling (UFB) 
4.2.1  Experimental procedure and measurement techniques 
A subcooled flow boiling loop was used for investigating the isolated bubble dynamics during 
upward flow boiling experiments. The experiment was conducted at 1 atmospheric pressure 
using deionized water. A schematic diagram of the flow boiling loop is shown in Fig. 4.3. The 
test facility was constructed earlier for a nucleate boiling experiment [137]. For the present 
study, the test section and the flow meter with its connections of the flow boiling loop were 
modified. The main components of the flow loop were a pump, a preheater, a flow meter, a 
degasser, a filter, an air-cooled condenser and a test section (see Fig. 4.3). A special pump with 
low net positive suction head (NPSH) of lower than 0.5 m at 6 m³/h was used to circulate the 
test fluid. An electric preheater of 10 kW was installed downstream of the pump and before the 
flow meter with a bypass valve to control the liquid subcooling at the inlet of the test section. 
The electric power of the preheater was sufficient to maintain the inlet liquid temperature close 
to saturation temperature. The mass flow rate was measured using a Krohne Optimass 1400 C 
Coriolis mass flow meter. The maximum range of the flow meter was 1.806 kg/s with an 
accuracy of better than ± 0.20% of the actual measured value. 
Fig. 4.4 shows the details of the test section. The test section comprises a 
28 mm x 28 mm x 350 mm rectangular flow channel. Three sides of the test section were made 
of borosilicate glass for optical access to the heating surface. The rear panel of the test section 
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consists of a stainless steel frame, a block of thermal insulating polyether ether ketone (PEEK) 
which fixes the test heaters, the copper connections for heating the heaters by the electric power 
and the treated stainless steel heaters themselves. The thermal conductivity and the specific 
volume resistivity of the PEEK are 0.25 W/m.K and 1016 Ω cm, respectively. Before fixing the 
PEEK block with the test heaters in the stainless steel frame, temperature resistant silicon paste 
(thermal conductivity 0.18 W/m.K) was used to glue the gaps between the test samples and the 
PEEK block. The back panel of the test section was fixed and sealed properly with the 
borosilicate glass parts. A narrow channel was fabricated in the PEEK block and a K-type 
thermocouple was inserted through the narrow channel which touched the back side of the test 
heater surfaces for measuring the heater wall temperature. 
 
 
Fig. 4.3. A schematic of the UFB experimental facility. 
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The loop was flashed and rinsed with deionized water and acetone before performing the 
experiments. At that time, the water which flows through the loop was filtered as well to 
remove the impurities if there were any. The loop was then filled up with deionized water. The 
entrapped gases in the different components of the loop were released with the help of valves 
and the loop was completely filled up with water. Then the boiler was turned on for degassing 
the liquid. The deionized water in the boiler was heated up to saturation temperature for more 
than 2 hours without fluid flow. For further degassing, the water was pumped through the loop 
at low flow velocity and low subcooling. The pump and the preheater were keep running for 
some time, so that the dissolved gases would be removed completely. This process took around 
1 hour. When the liquid was sufficiently degassed, the power source was switched on to 
generate bubbles from the artificial cavity. As in the NCB experiments, the test heaters were 
operated for some time to get rid of entrapped gases in the cavities of the surfaces. 
 
 
Fig. 4.4. Details of the UFB test section. 
 
The heating power was in the range of 39.41 - 45.47 kW/m². The desired bulk liquid velocities 
were obtained by adjusting the bypass valves and the rotational speed of the pump which were 
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measured by the flow meter. In this study, the bulk liquid velocity was set in the range of 
0.052 - 0.183 m/s. It is worth mentioning that special care was taken to keep the stainless steel 
heater surfaces clean. Once the bulk liquid velocity and the bubble ebullition cycle were in 
steady state, the data was collected. The temperatures of the liquid at the inlet and outlet of the 
test section were measured by the calibrated K-type thermocouples. The liquid subcooling at 
the inlet of the test section was set to 1.9 ± 0.25 K with the help of the preheater. For each test 
run, the bulk liquid velocity and the heating power were adjusted. Thus the heating power and 
the flow rate were acquired. Also, the inlet and outlet temperatures of the test section and the 
heater wall temperature were measured. 
High resolution optical shadowgraphy using a MotionPro high-speed video camera 
(1280 x 1024 pixels and 1030 frames per second) equipped with an AF Micro-Nikkor 105 mm 
f/2:8D lens was employed in UFB experiments for recording the bubble life cycle as in the 
NCB experiments. A wide open aperture (f/2.8) provides a shallower depth of field and the 
bubbles were focused and captured in this mode. This way sharp bubble images were obtained 
while all background structures have been blurred out. The recording speed of the camera was 
2500 frames per second while the spatial resolution was 16.40 ± 1.50 μm per pixel. 
 
4.2.2  Uncertainty analysis 
Optical shadowgraphy has some sources of uncertainty. Apart from the static uncertainty of 
the camera sensor, the imaging technique has got a spatial uncertainty which was estimated 
from the pixel resolution. Another source of uncertainty is the geometry analysis of the bubbles. 
Altogether the uncertainty of imaging is ± 0.0409 mm. The thermocouples were calibrated 
against a reference thermometer with a temperature range from 40° to 120°C. The deviation of 
the reference and the measured values of thermocouples increased with temperature. The 
maximum deviation of a thermocouple was estimated as ± 0.3 K when calibrated for 
temperatures above 90°C. As mentioned above, the thermocouples were used to measure the 
heater wall temperature and the liquid temperature at the inlet and outlet of the test section. The 
fluctuations in temperature reading for each test run were noticed and all these data points were 
averaged. Thus, the total uncertainties of the liquid temperature at the inlet and outlet of the 
test section were ± 0.58 K and ± 0.54 K, respectively. Only one thermocouple was used to 
measure the heater wall temperature. Hence, it can be seen as an area- and time-averaged wall 
temperature. The measured wall temperature for low flow velocity was compared against the 
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correlations for wall temperature calculation [135, 136] and a deviation of ± 0.63 K was found. 
Due to the uncertainty in single measurements the total uncertainty for the wall temperature 
measurement is ± 0.70 K. The uncertainty of the flow rate measurement is ± 1.70%. This 
uncertainty may arise from small fluctuations of the fluid flow caused by the different 
components of the loop and particularly the flow meter.  
 
Table 4.2: Measurement and calculation uncertainties. 
Parameters Instruments Locations Uncertainties Total 
uncertainty Calibration/static Measurement 
Temperature K-type 
thermocouples 
Test 
section 
inlet 
± 0.50 K ± 0.30 K ± 0.58 K 
Test 
section 
outlet 
± 0.50 K ± 0.20 K ± 0.54 K 
Heater 
wall 
± 0.30 K ± 0.63 K ± 0.70 K 
Flow meter Coriolis mass 
flow meter 
Test 
section 
inlet 
± 0.20% ± 1.70% ± 1.71% 
Heat flux Power supply,  
DAS 
Heater 
wall 
± 5.02% ± 5.04% ± 7.12% 
Bubble sizes HSVC  
  
± 40.985 
µm 
 
In the heat flux measurement for the test heaters, heat losses cause uncertainty. The possible 
sources of uncertainties in the heat flux (q″) calculation are the power supply (± 0.50%), the 
fluctuations in measuring the power (± 1.55%), the extended heater surface area (± 4.80%), the 
long connecting cables and connections (± 5%). The heat loss occurs due to the dissipation of 
heat to the environment through the insulating materials (3%). All these uncertainties were 
considered in the heat flux calculation and are given in Table 4.2. According to the so-called 
three-sigma rule, 68.27% of the captured curves of the bubble ebullition cycles were one 
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standard deviation away from the averaged values and one standard deviation was ± 0.0458 
mm. For the sake of clarity the graphs of these experiments (NCB and UFB) in the result 
chapters (chapter 5 and chapter 6) just represent the exemplary curves. 
 
4.3  Image processing 
The image processing software ImageJ was used to process the images from the high-speed 
video camera. ImageJ allows processing stacks of images. Here, the major steps of the image 
processing for the present study are shown (Figs. 4.5). Fig. 4.5 (a) is a snapshot from a raw 
video file. Objective is to analyze the vapor bubbles in the raw images. Therefore, as a next 
step, a suitable background was obtained (Fig. 4.5 b) and subtracted properly (Fig. 4.5 c). The 
maximum and minimum gray values of the subtracted image were determined. These values 
were used for a thresholding operation (Fig. 4.5 d). Then the measurement scaling in pixel per 
mm was set. The apparent holes within the bubbles (Fig. 4.5 d) were also taken into 
consideration. After that, the vapor bubble-liquid interfaces were tracked (Fig. 4.5 e) and the 
parameters, such as area size of a bubble, bubble height, bubble width, center of mass of a 
bubble, were extracted from the images. Eventually, noise and unwanted particles in the images 
were filtered-out. 
 
 
Fig. 4.5. Major steps of the image processing. Left: (a) raw image, (b) background image, (c) 
subtracted image, (d) threshold adjusted and (e) tracks of liquid-vapor interface. 
 
The bubble base diameters were estimated in this study as well. Therefore, the temporal 
evolutions of the vapor bubble-solid interfaces were captured using a tool of the ImageJ called 
‘Orthogonal views’ (Fig.4.6 b). The yellow-colored horizontal line in the Fig. 4.6 shows the 
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generation point of a bubble. The darker areas in Fig. 4.6 (b) are the temporal evolution of base 
diameters of multiple bubbles. A dark area goes upward as a bubble base diameter moves 
upward with a bubble. The vertical width of each dark area in Fig. 4.6 (b) has been calculated 
to determine the diameter of a bubble base. 
 
 
Fig. 4.6. Image processing for the bubble base diameters. (a) a raw image and (b) vapor 
bubble-solid interfaces of multiple bubbles. 
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Chapter 5 
Experimental Results 
 
As outlined in the previous chapters, heater surface wettability, roughness and bulk liquid 
velocity are influential parameters for the bubble dynamics and departure. However, their 
mutual influence has been so far less investigated in former experimental and numerical work. 
This chapter describes the detailed experimental results of the study on the effect of heater 
surface wettability, roughness and bulk liquid velocity on the bubble growth and departure 
dynamics for nucleate boiling. 
 
5.1 Introduction to the analysis of the bubble dynamics 
The discussion of the experimental results requires some introductory words on the bubble life 
cycle and the associated geometrical parameters of a bubble. A typical bubble life cycle is 
explained in sub-section 5.1.1. The bubble size is commonly represented by the bubble 
equivalent diameter. A number of approaches are to be found in literature to calculate the 
bubble equivalent diameter. In sub-section 5.1.2, the experimental results of the present study 
are compared against the different calculation methods for the bubble equivalent diameter to 
determine the most appropriate one. The reliability of the experimental results has also needed 
to be ensured. The common qualitative understanding among researchers is that the bubble 
growth rate increases with the heat flux. This consensus is verified in sub-section 5.1.3 to check 
the reliability of the experimental results of this thesis. Sub-section 5.1.4 reports a concise 
overview on the mutual effect of heater surface characteristics and bulk liquid velocity on the 
bubble dynamics. 
 
5.1.1  The bubble life cycle 
In order to introduce the bubble life cycle, different stages of a bubble ebullition cycle of an 
experimental case are shown here as an example via the snapshots of a video recording (Fig. 
5.1 a). The derived geometrical parameters of the bubble are shown in Fig. 5.1 (b). The bubble 
life cycle (Figs. 5.1 a, b) was recorded for a heater surface of Sq = 0.00401 µm, θhys = 33.6° 
and the applied heat flux was q″ = 23.21 kW/m² (∆Tw = 7 K, ∆Tsub = 2.5 K). The bubble 
nucleates at the artificial cavity at 0.8 ms. Until 20 ms, it grows without significant movement 
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in the upward direction, that is, the bubble height, width and base diameter are expanding while 
the center of mass does not move noticeably (Fig. 5.1 b). The bubble width is 0.7 mm at 20 ms. 
 
 
 
 
Fig. 5.1. Bubble life cycle on a surface with Sq = 0.00401 µm, θhys = 33.6° and for 
q″ = 23.21 kW/m², ∆Tw = 7 K, ∆Tsub = 2.5 K. Top: Video sequence showing the different 
states of a bubble. Bottom:  Temporal evolution of geometrical bubble parameters. 
 
During the bubble growth, the motion of center of mass of a bubble is determined by the sum 
of influential forces (buoyancy, growth, drag, surface tension etc.). The center of mass has 
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moved one bubble base radius at 22.8 ms and it is considered as the condition of ‘bubble 
departure’ in the following. Hence, the departure period for this bubble is 22.8 ms and the width 
of the bubble at the departure point is 0.7 mm. Based on this definition, a simple Matlab script 
was written to evaluate the bubble departure diameters in terms of the bubble base radius and 
the center of mass of a bubble in the upward direction. Fig. 5.1 (b) also shows that the bubble 
size becomes maximum during departure for this experimental case. After this point, the bubble 
slides rapidly along the heater surface. The bubble height, width and base diameter do not 
change much between 20 ms and 30 ms at these experimental conditions. Later, the bubble 
base shrinks which is to be seen at 35.2 ms and the bubble leaves the heater surface at 43.2 ms. 
For some other experimental conditions, the bubble diameter and the base diameter may 
increase after its departure (during sliding) and decrease prior to lift-off. The sliding period and 
sliding distance is determined by the departure point and lift-off point. Here, the sliding period 
is 23.6 ms and the sliding distance is 1.9 mm. Immediately after the lift-off, the bubble height 
is 0.52 mm and its width is 0.39 mm. When a bubble departs, the cavity is available for the 
nucleation of a subsequent bubble. A new bubble generates here at 27.6 ms and then grows 
(Fig. 5.1 a). Thus, the bubble waiting period in this case is 4.8 ms. 
 
5.1.2  Calculation of the bubble equivalent diameter 
Ideally, the bubble shape during growth can be spherical, truncated spherical or ellipsoidal. 
The size of an irregularly shaped bubble is generally given as a bubble equivalent diameter, 
Deq. This is because Deq is defined as the diameter of a volume-equivalent sphere. In the past, 
the bubble equivalent diameter was often calculated as the arithmetic mean (�Dx+Dy� 2⁄ ) [138] 
or geometric mean (�DxDy) [139] of bubble height (Dx) and bubble width (Dy). The departing 
bubble diameter was also determined from the principal axis of a rotational ellipsoid [140-142]. 
An ellipsoidal bubble may rotate about its vertical or horizontal axis. Hence, a reliable 
definition of the bubble equivalent diameter is required. The influence of heater surface 
characteristics on the bubble shape is presented in Fig. 5.2 and the different calculation methods 
for the bubble equivalent diameter are compared in Fig. 5.3. Fig. 5.2 shows the temporal 
evolution of bubble height and width for three different heater surfaces. The symbols −, + and 
bottom half-black present the bubble width and height for three different surfaces, i.e. 
Sq = 0.01 µm, θhys = 65.3°; Sq = 0.218 µm, θhys = 61.47° and Sq = 0.549 µm, θhys = 58.47°. 
The bubble width (Dy) is greater than the bubble height (Dx) until 6.0 ms for the smooth low-
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wetting surface (Sq = 0.01 µm, θhys = 65.3°). At 6.0 ms, these two diameters become almost 
equal and after that, the bubble height (Dx) becomes larger than the bubble width (Dy). It means 
that a major axis of an elliptically shaped bubble alters over time. Therefore, both the 
expressions �Dx2Dy�
1 3⁄
 [140] and �DxDy2�
1 3⁄
 [141, 142] are found to be applicable for 
calculating the equivalent diameter of such bubbles. In this case, using only one of these 
equations may cause some deviations. Fig. 5.2 also shows that for the surface with 
Sq = 0.218 µm, θhys = 61.47°, the bubble width (Dy) is greater than the bubble height (Dx) with 
a more or less constant ratio and the major axis of the bubble does not change within its growth 
period. However, the bubble height (Dx) and width (Dy) are almost equal for the rougher 
surface (Sq = 0.549 µm, θhys = 58.47°). In general, the bubble shape is different for the different 
heater surfaces and the bubble width is mostly found larger than or equal to the bubble height. 
A definition for the bubble equivalent diameter will be adopted in the next step. 
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Fig. 5.2. Temporal evolution of bubble width and height for q″ = 42.44 kW/m², ∆Tw = 7.92 K, 
∆Tsub = 1.76 K, Vl = 0.105 m/s. 
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The bubble equivalent diameter (Deq) for three differently shaped bubbles (Fig. 5.2) has been 
computed and an appropriate calculation method is determined here. An expression has been 
selected from the above-mentioned approaches as a reference and compared against three other 
expressions. Since the bubble width (Dy) is often found larger, the equivalent diameter of 
bubble is calculated as �Dx2Dy�
1 3⁄
 [140] and plotted on the abscissa of Fig. 5.3. The deviations 
of the bubble equivalent diameter for �Dx+Dy� 2⁄  [138], �DxDy [139] and �DxDy2�
1 3⁄
 [141, 
142] with respect to �Dx2Dy�
1 3⁄
 are plotted on the y-axis of Fig. 5.3. The average deviation for 
the bubble equivalent diameters of �DxDy [139] is found lower (8.6%) than that of other 
methods and is shown as a horizontal line in Fig. 5.3. Therefore, the bubble equivalent 
diameters are calculated using �DxDy in the following. 
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Fig. 5.3. Deviations in the calculation methods of bubble equivalent diameter. 
 
5.1.3  Bubble dynamics with the increase of heat flux 
Figs. 5.4, 5.5 and 5.6 show the effect of heat flux on the bubble equivalent diameter, base 
diameter and center of mass of bubble in the upward direction for a surface with Sq = 0.549 µm, 
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θhys = 58.47° at 36.98 kW/m², 39.41 kW/m², 42.44 kW/m² and 45.47 kW/m² and a bulk liquid 
velocity of 0.105 m/s. Fig. 5.4 shows that the bubble equivalent diameter and especially the 
bubble departure diameter increase with heat flux. The bubble growth rate increases for higher 
heat flux. Prodanovic et al. [39] and Sugrue et al. [40] also found that higher heat flux expedites 
the growth rate and increases the departure diameter of an isolated bubble. Additionally, 
Fig. 5.4 gives information that the bubble departure period reduces for higher heat flux, which 
is in agreement with Phan et al. [68]. 
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Fig. 5.4. Effect of heat flux on the temporal evolution of the bubble equivalent diameter for a 
rough surface (Sq = 0.549 µm, θhys = 58.47°) at Vl = 0.105 m/s. ↑ indicates the bubble 
departure point. 
 
Though bubble base diameters are more or less the same at the point of departure for different 
heat fluxes, base expansion rates are generally larger for higher heat flux (Fig. 5.5). Base 
diameter and center of mass do not smoothly increase, which may be caused by the heater 
surface roughness. The center of mass travels a similar distance in the upward direction prior 
to bubble departure for different heat fluxes (Fig. 5.6). 
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Fig. 5.5. Effect of heat flux on the temporal evolution of the bubble base diameter for a rough 
surface (Sq = 0.549 µm, θhys = 58.47°) at Vl = 0.105  m/s. ↑ indicates the bubble departure 
point. 
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Fig. 5.6. Effect of heat flux on the temporal evolution of the center of mass of bubble for a 
rough surface (Sq = 0.549 µm,  θhys = 58.47°) at Vl = 0.105 m/s. ↑ indicates the bubble 
departure point. 
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The bubble velocities along the flow direction are found to increase from 36.98 to 45.47 kW/m² 
until departure. However, depending on the heater surface characteristics and other boundary 
conditions, i.e. subcooling, heat flux and bulk liquid velocity, the bubble growth becomes much 
faster and the bubble base may experience rapid shrinkage. As a result, the bubble departure 
period gets reduced and the departure diameter may not always be larger for higher heat fluxes. 
 
5.1.4  Qualitative assessment of the bubble dynamics for different parameters 
This sub-section qualitatively discusses the mutual influence of the heater surface wettability 
(θhys), the roughness (Sq) and the bulk liquid velocity (Vl) on the bubble dynamics. Table 5.1 
briefly shows the qualitative dependencies of the bubble base diameter (dw), the bubble growth 
rate (dR dt⁄ ) and the bubble departure diameter (Dd) on these parameters. The increasing (+), 
insignificant (o) and decreasing (-) signs were determined from common trends of the 
experimental results of the present study.  
 
Table 5.1: Qualitative presentation of mutual influence of different parameters on the bubble 
dynamics. 
 Bulk liquid velocity, Vl (m/s) 
 Low bulk liquid velocity High bulk liquid velocity 
Wettability
,  θhys (°) 
Low High Low High 
Roughnes, 
Sq (µm) 
L I H L I H L I H L H 
Base 
diameter, 
dw (mm) 
 ++ ++ + o ++ + + ++ o -  - -  
Bubble 
growth 
rate, 
dR dt⁄  
(mm/ms) 
 + ++
+ 
++ o ++ + + ++ o -  - -  
Bubble 
departure 
diameter, 
Dd (mm) 
 + 
 
++
+ 
++ o ++ + + ++ o - -  -  
 
L = Low, I = Intermediate, H = High, -- = Strongly decreasing, - = Decreasing, + = 
Increasing, ++ = Strongly increasing and +++ = Very strongly increasing. 
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In short, the bubble growth rate and departure diameter are larger for low bulk liquid velocity 
and low-wetting surfaces. On the other hand, for higher bulk liquid velocity and well-wetting 
surfaces, the bubble growth rate and the depature diameter are lower. An intermediate surface 
roughness plays a role to increase the bubble growth rate for both lower and higher bulk liquid 
velocity. Bubble base diameters are generally larger for lower bulk liquid velocity. In the 
following sections, the results are elucidated in detail. 
 
5.2  Bubble dynamics 
5.2.1  Effect of heater surface wettability 
The mirror polished surfaces (Sq ≈ 0.01 µm) with three different wettabilities were used to 
investigate the effect of surface wettability on single bubble dynamics for natural circulation 
boiling and upward flow boiling on vertically oriented heaters. The surface roughness effect 
on the nucleated bubbles was avoided by using the mirror polished surfaces. Thus, the 
experimental results for these surfaces solely represent the effect of surface wettability on 
bubble dynamics. Figs. 5.7, 5.8 and 5.8 present the temporal evolution of bubble equivalent 
diameter, base diameter and center of mass for a liquid contact angle hysteresis (θhys) of 33.6°, 
39.2° and 71.2° in natural circulation boiling at 30 kW/m². The same bubble parameters were 
also examined for upward flow boiling (Vl = 0.183 m/s) on heater surfaces with different 
wetting characteristics (θhys = 42.32°, 49.22° and 65.30°), when the applied heat flux was 
42.44 kW/m² (Figs. 5.10, 5.11 and 5.12).  
From Figs. 5.7, 5.8 and 5.10, 5.11, it can be seen that the bubble equivalent diameter and the 
bubble base diameter are larger for a higher liquid contact angle. The curves of bubble base 
diameter for θhys = 33.6° and θhys = 39.2° are very close to each other at natural circulation 
boiling, whereas the bubble base diameter for θhys = 39.2° is larger than for θhys = 33.6° until 
5 ms (Fig. 5.8). Furthermore, the bubble velocity in the upward direction is comparatively 
slower for the low-wetting surfaces at natural circulation boiling, see Fig. 5.9. In the case of 
higher bulk liquid velocity (Vl = 0.183 m/s), the expansion period of bubble base is shorter for 
the well-wetting surface (θhys = 42.32°). The bubble velocity along the flow direction is greater 
for upward flow boiling than for natural circulation boiling (Fig. 5.12). Also the center of mass 
of bubble is found to move faster for the low-wetting surface (θhys = 65.30°) for flow boiling 
which is not the case for natural circulation boiling. 
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Fig. 5.7. Surface wettability effect on the temporal evolution of the bubble equivalent diameter 
for q″ = 30 kW/m², ∆Tw = 8.5 K, ∆Tsub = 2.00 K, Vl = 0.025 m/s (max.) in natural circulation 
boiling on the vertical heater. ↑ indicates the bubble departure point. 
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Fig. 5.8. Surface wettability effect on the temporal evolution of the bubble base diameter 
for q″ = 30 kW/m², ∆Tw = 8.5 K, ∆Tsub = 2.00 K, Vl = 0.025 m/s (max.) in natural circulation 
boiling on the vertical heater. ↑ indicates the bubble departure point 
Experimental Results 
 
63 
 
0 20 40 60 80
0
1
2
3
4
5
Ce
nt
er
 o
f m
as
s i
n 
y 
di
re
cti
on
, y
cm
 (m
m
)
Time, t (ms)
 θhys = 33.6°
 θhys = 39.2°
 θhys = 71.2°
 
Fig. 5.9. Surface wettability effect on the temporal evolution of the center of mass of bubble for 
q″ = 30 kW/m², ∆Tw = 8.5 K, ∆Tsub = 2.00 K, Vl = 0.025 m/s (max.) in natural circulation 
boiling on the vertical heater. ↑ indicates the bubble departure point. 
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Fig. 5.10. Surface wettability effect on the temporal evolution of the bubble equivalent diameter 
for q″ = 42.44 kW/m², ∆Tw = 6.56 K, ∆Tsub = 1.72 K, Vl = 0.183 m/s in upward flow boiling. 
↑ indicates the bubble departure point. 
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Fig. 5.11. Surface wettability effect on the temporal evolution of the bubble base diameter for 
q″ = 42.44 kW/m², ∆Tw = 6.56 K, ∆Tsub = 1.72 K, Vl = 0.183 m/s in upward flow boiling. ↑ 
indicates the bubble departure point. 
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Fig. 5.12. Surface wettability effect on the temporal evolution of the center of mass of bubble 
for q″ = 42.44 kW/m², ∆Tw = 6.56 K, ∆Tsub = 1.72 K, Vl = 0.183 m/s in upward flow boiling. 
↑ indicates the bubble departure point. 
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The results of bubble dynamics as a function of heater surface wettability in the present study 
show qualitative agreement with the findings of Nam et al. [69]. The latter found that a larger 
bubble base area leads to an increased downward surface tension force and according to Jo et 
al. [78], the bubble base is larger for hydrophobic surfaces than for hydrophilic surfaces. Hence, 
a larger volume is required for a bubble to depart from a low-wetting surface. Due to a higher 
liquid contact angle and higher surface tension force towards the heater surface, a bubble may 
also need a longer period for the departure. Again, as the bubble base is larger for a surface 
with low wettability, heat transfer to that bubble can be greater for such a surface. Therefore, a 
low-wetting surface offers faster growth of a bubble as shown in Figs. 5.7 and 5.10. A larger 
bubble base leads to an increased bubble size even during departure and sliding.  
Additionally, a tiny bubble is found to appear during natural circulation boiling at the cavity 
mouth, as soon as the former bubble leaves the cavity. The incipient bubble usually merges 
with the previous bubble instantaneously. One of the reasons for this is, that when the bubble 
departure period is remarkably longer for the low-wetting surface than that for the well-wetting 
surface, the artificial cavity may gain sufficient time to be re-activated. This sometimes 
influences the downstream bubble, as can be noticed at 72.5 ms in Figs. 5.7 and 5.8. The arrow 
symbol in the figures indicates that the bubble departure diameters and departure periods are 
generally greater for low-wetting surfaces. Section 6.3.1 will discuss this thoroughly. 
 
5.2.2  Effect of heater surface roughness 
In real applications, heat transfer surfaces are always rough in different scale. The influence of 
different surface roughness on the nucleated bubbles was investigated for natural circulation 
and upward flow boiling. Roughness may influence the surface wettability by pinning the 
three-phase contact line [143]. Hence, a liquid contact angle hysteresis may also get altered 
due to the roughness of the surface. Effect of heater surface roughness on the bubble dynamics 
had been investigated for surfaces with similar liquid contact angle hysteresis. The roughness 
effect on the bubble dynamics in natural circulation boiling had been studied for surfaces with 
the root mean square roughness in the range of 0.004 µm to 0.422 µm and with a liquid contact 
angle hysteresis of 40.50°±1.5°. Bubble dynamics in flow boiling (Vl = 0.105 m/s) was also 
studied for rough surfaces of Sq = 0.108 µm, 0.218 µm and 0.549 µm, for which liquid contact 
angle hysteresis was θhys = 59.97±1.5°. Figs. 5.13 - 5.18 show the effect of roughness on the 
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bubble equivalent diameter (Figs. 5.13 and 5.16), bubble base diameter (Figs. 5.14 and 5.17) 
and the center of mass along the flow direction (Figs. 5.15 and 5.18).  
Figs. 5.13 and 5.14 imply that bubble equivalent diameter and bubble base diameter are larger 
for surfaces with Sq = 0.156 µm compared to smooth (Sq = 0.004 µm) and rough 
(Sq = 0.202 µm and Sq = 0.422 µm) surfaces. Another surface with roughness of 
Sq = 0.202 µm shows a minimum bubble departure period. Bubble base expansion rates were 
faster for Sq = 0.156 µm and 0.202 µm compared to bubbles on surfaces with Sq = 0.422 µm 
and Sq = 0.004 µm (Fig. 5.14). In flow boiling experiments, bubble growth rates were found 
greater for a surface roughness of Sq = 0.108 µm and 0.218 µm compared to Sq = 0.549 µm 
which can be seen in Fig. 5.16. Though bubble departure diameters are within 1.7-2.0 mm for 
the surfaces with roughness of Sq = 0.108 µm and 0.218 µm, the bubble departure period was 
found comparatively shorter for Sq = 0.108 µm. Fig. 5.17 shows that bubble base diameter is 
smallest for the most rough surface (Sq = 0.549 µm) and largest for Sq = 0.218 µm. The initial 
expansion rate of the bubble base diameter is almost the same for Sq = 0.108 µm and 0.218 µm 
until 2 ms. At this time, the expansion of the bubble base for Sq = 0.218 µm is hindered and 
after that a contraction effect has been found. However, the bubble base for the surface with 
Sq = 0.108 µm keeps expanding. That could be one of the reasons for the comparatively faster 
bubble growth rate for Sq = 0.108 µm.  
The bubble velocity along the flow direction is also slightly greater for Sq = 0.108 µm 
compared to the other surfaces for upward flow boiling (Fig. 5.18). The center of mass moves 
a longer distance for Sq = 0.218 µm than that for other surfaces (Sq = 0.108 and 0.549 µm). 
The velocities of center of mass prior to departure are almost the same for the surfaces with 
Sq = 0.218 µm and 0.549 µm during flow boiling experiments. For natural circulation boiling, 
bubble velocities in vertical direction are almost equal for rough surfaces (Sq = 0.156 µm, 
0.202 µm and 0.422 µm), while a polished surface (Sq = 0.004 µm) exhibits slower bubble 
velocity. 
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Fig. 5.13. Surface roughness effect on the temporal evolution of bubble equivalent diameter 
for q″ = 19.22-22.64 kW/m², ∆Tw = 6.20-7.50 K, ∆Tsub = 3.00-4.00 K, Vl = 0.025 m/s (max.) 
in natural circulation boiling on the vertical heater. ↑ indicates the bubble departure point. 
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Fig. 5.14. Surface roughness effect on the temporal evolution of bubble base diameter for 
q″ = 19.22-22.64 kW/m², ∆Tw = 6.20-7.50 K, ∆Tsub = 3.00-4.00 K, Vl = 0.025 m/s (max.) in 
natural circulation boiling on the vertical heater. ↑ indicates the bubble departure point. 
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Fig. 5.15. Surface roughness effect on the temporal evolution of center of mass of bubble for 
q″ = 19.22-22.64 kW/m², ∆Tw = 6.20-7.50 K, ∆Tsub = 3.00-4.00 K, Vl = 0.025 m/s (max.) in 
natural circulation boiling on the vertical heater. ↑ indicates the bubble departure point. 
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Fig. 5.16. Surface roughness effect on the temporal evolution of the bubble equivalent diameter 
for q″ = 45.47 kW/m², ∆Tw = 8.7 K, ∆Tsub = 1.76 K, Vl = 0.105 m/s in upward flow boiling. ↑ 
indicates the bubble departure point. 
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Fig. 5.17. Surface roughness effect on the temporal evolution of the bubble base diameter for 
q″ = 45.47 kW/m², ∆Tw = 8.7 K, ∆Tsub = 1.76 K, Vl = 0.105 m/s in upward flow boiling. ↑ 
indicates the bubble departure point. 
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Fig. 5.18. Surface roughness effect on the temporal evolution of the center of mass of bubble 
for q″ = 45.47 kW/m², ∆Tw = 8.7 K, ∆Tsub = 1.76 K, Vl = 0.105 m/s in upward flow boiling. ↑ 
indicates the bubble departure point. 
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Generally, the bubble equivalent diameter follows the growth trend of the bubble base 
diameter. It is shown in the above paragraph that bubble base expansion rates are found greater 
for an intermediate roughness of Sq = 0.108 µm and 0.156 µm for natural circulation boiling 
and of 0.202 µm and 0.218 µm for flow boiling (Figs. 5.14, 5.17). Such an influence of the 
intermediate surface roughness on the bubble behavior has not been reported yet. Roughness 
height does not only play a role in the radial expansion of the bubble base, but also it may affect 
the thickness of the microlayer beneath a bubble. In the following, the reasons for higher 
growth rate of the bubble diameter and base diameter due to the intermediate roughness height 
will be explored. 
 
5.2.3  Effect of bulk liquid velocity 
In the present sub-section, the effect of bulk liquid velocity on the bubble dynamics is evaluated 
for different heater surfaces and heat fluxes. As the influence of heater surface characteristics 
has been taken into account, the results of bulk liquid velocity induced bubble dynamics is 
close to real applications. Table 5.2 summarizes the boundary conditions and the figures that 
quantify the effect of bulk liquid velocity on the bubble dynamics. The bubble dynamics is also 
inferred in this sub-section by the temporal evolution of the bubble equivalent diameter (Deq), 
the bubble base diameter (dw), the center of mass in y-direction (ycm) and the bubble 
departure (Dd). 
 
Table 5.2: Boundary conditions and figures for investigating the influence of bulk liquid 
velocity on the bubble dynamics. 
Surface characteristics Bulk liquid 
velocity, Vl 
(m/s) 
Heat flux, q″ 
(kW/m²) 
Figures 
Roughness, Sq 
(µm) 
Wettability, θhys 
(°) 
0.01 65.30 0.052-0.255 39.41 5.19-5.21 
0.218 61.47 0.052-0.12 42.44 5.22-5.24 
0.549 58.47 0.052-0.183 45.47 5.25-5.27 
 
The general findings are that bubble equivalent diameters and departing bubble diameters are 
larger for lower bulk liquid velocity (Figs. 5.19, 5.22 and 5.25). Not only the bubble equivalent 
diameter but also the bubble growth rate is faster for lower bulk liquid velocity. Higher bulk 
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liquid velocity reduces the bubble base diameter for a low-wetting smooth surface (Fig. 5.20). 
A contraction effect at the bubble bases is noticed at the moment of bubble departure for this 
surface (θhys = 65.30°) when the bulk liquid velocities are between 0.052 m/s and 0.183 m/s. If 
the bulk liquid velocity is increased more (0.255 m/s), the bubble base expands during 
departure (Fig. 5.20) and the bubble moves a comparatively smaller distance along the flow 
direction prior to departure (Fig. 5.21). The bubble base diameter is also found larger for a 
rough surface (Sq = 0.218 µm, θhys = 61.47°) at low bulk liquid velocity (Fig. 5.23). The 
expansion rates of bubble base diameters for another rough surface (Sq = 0.549 µm, 
θhys = 58.47°) are almost equal until 2 ms of their growth period at different bulk liquid 
velocities (Fig. 5.26). After 2 ms, the bubble base experiences contraction and expansion 
effects. Hence this surface (Sq = 0.549 µm, θhys = 58.47°) does not show distinguishable 
correlations between the bulk liquid velocity and the bubble base diameter (Fig. 5.26). 
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Fig. 5.19. Bulk liquid velocity effect on the temporal evolution of the bubble equivalent 
diameter for Sq = 0.01 µm, θhys = 65.30° and q″ = 39.41 kW/m². ↑ indicates the bubble 
departure point. 
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Fig. 5.20. Bulk liquid velocity effect on the temporal evolution of the bubble base diameter for 
Sq = 0.01 µm, θhys = 65.30° and q″ = 39.41 kW/m². ↑ indicates the bubble departure point. 
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Fig. 5.21. Bulk liquid velocity effect on the temporal evolution of the center of mass of bubble 
for Sq = 0.01 µm, θhys = 65.30° and q″ = 39.41 kW/m². ↑ indicates the bubble departure point. 
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Fig. 5.22. Bulk liquid velocity effect on the temporal evolution of the bubble equivalent 
diameter for Sq = 0.218 µm, θhys = 61.47° and q″ = 42.44 kW/m². ↑ indicates the bubble 
departure point. 
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Fig. 5.23. Bulk liquid velocity effect on the temporal evolution of the bubble base diameter for 
Sq = 0.218 µm, θhys = 61.47° and q″ = 42.44 kW/m². ↑ indicates the bubble departure point. 
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Fig. 5.24. Bulk liquid velocity effect on the temporal evolution of the center of mass of bubble 
for Sq = 0.218 µm, θhys = 61.47° and q″ = 42.44 kW/m². ↑ indicates the bubble departure 
point. 
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Fig. 5.25. Bulk liquid velocity effect on the temporal evolution of the bubble equivalent 
diameter for Sq = 0.549 µm, θhys = 58.47° and q″ = 45.47 kW/m². ↑ indicates the bubble 
departure point. 
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Fig. 5.26. Bulk liquid velocity effect on the temporal evolution of the bubble base diameter for 
Sq = 0.549 µm, θhys = 58.47° and q″ = 45.47 kW/m². ↑ indicates the bubble departure point. 
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Fig. 5.27. Bulk liquid velocity effect on the temporal evolution of the center of mass of bubble 
for Sq = 0.549 µm, θhys = 58.47° and q″ = 45.47 kW/m². ↑ indicates the bubble departure 
point. 
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The bulk liquid velocities are found to be positively correlated with the moving distance of 
center of mass prior to departure for the surface with Sq = 0.218 μm (Fig. 5.24). Fig. 5.24 
further shows that until 5 ms of the bubble growth, the bubble movement in the upward 
direction is faster for higher bulk liquid velocity. The center of mass of bubbles (Fig. 5.27) for 
the rough surface (Sq = 0.549 µm, θhys = 58.47°) does not show a correlation with the bulk 
liquid velocities. Bubble departure periods are found inversely correlated with the bulk liquid 
velocity for Sq = 0.01 µm and 0.218 µm. For Sq = 0.549 µm, though the difference between 
the bubble departure periods for a range of bulk liquid velocity (0.052 m/s-0.183 m/s) is 
comparatively small (4 ms-5.6 ms), still the bubble departure period is positively correlated 
with the bulk liquid velocity (Fig. 5.27). 
 
5.3  Bubble departure 
5.3.1  Effect of heater surface wettability 
The effect of heater surface wettability on the bubble departure diameter (Dd) is shown in 
Fig. 5.28. In general, the bubble departure diameter has been found to increase with the liquid 
contact angle hysteresis from 42.32° to 65.30° for a range of bulk liquid velocities and heat 
fluxes. 
Bubble departure diameters for a heat flux from 39.41 to 45.47 kW/m² and bulk liquid velocity 
from 0.052 to 0.183 m/s of a particular liquid contact angle hysteresis were averaged. A trend 
line of the averaged bubble departure diameters is shown in Fig. 5.28. It shows that the 
averaged bubble departure diameter increases from 0.75 to 1.70 mm while the liquid contact 
angle hysteresis increases from 42.32° to 65.30°. A closer look on Fig. 5.28 shows that the 
slope of the trend line is stronger for θhys between 49.22° and 65.30° than that from 49.22° to 
42.32°. One of the main reasons for an increase of Dd with θhys is that the forces which hinder 
the bubble departure are larger for low-wetting surfaces [69]. 
 
5.3.2  Effect of heater surface roughness 
As mentioned in the previous section, a larger bubble departure diameter (Dd) results from 
heater surfaces with low wettability, low bulk liquid velocity and high heat flux. Another 
forecast was that the bubble departure diameters are larger for intermediate surface roughness 
Experimental Results 
 
77 
 
(approximately, Sq = 0.108~0.218 µm). This sub-section reports bubble departure diameters 
for surfaces with root mean square roughness of 0.01 to 0.549 µm (Fig. 5.29).  
 
Fig. 5.29 includes the bubble departure diameters for a heat flux of 39.41 to 45.47 kW/m² and 
bulk liquid velocity of 0.052 to 0.183 m/s. All these bubble departure diameters are shown by 
symbols and are averaged here with respect to the root mean square roughness of the surface 
(Sq). A B-spline curve is provided as a trend line (dash-dot thick line). The line shows that the 
bubble departure diameter increases from the polished surfaces to the surfaces with 
Sq = 0.218 µm. Then it decreases with the increase of surface roughness until Sq = 0.549 µm. 
It was already reported in sub-section 5.2.3 that the bubble growth rates and the departure 
diameters are greater for intermediate surface roughness. A similar non-linear behavior of the 
averaged bubble departure diameters is found here as well for a wide range of bulk liquid 
velocity and heat flux. 
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Fig. 5.28. Effect of heater surface wettability on the bubble departure (∆Tw = 6.03 - 10.03 K, 
∆Tsub = 1.90 ± 0.20 K, Vl = 0.052 - 0.183 m/s). 
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Fig. 5.29. Effect of heater surface roughness on bubble departure (∆Tw = 6.03 - 10.03 K, 
∆Tsub = 1.90 ± 0.20 K, Vl = 0.052 - 0.183 m/s). 
 
5.3.3  Effect of bulk liquid velocity 
In sub-section 5.2.3 it was already indicated that the bubble departure diameter decreases with 
the increase of bulk liquid velocity. Rousselet [29] and Sugrue et al. [40] also found similar 
influence of bulk liquid velocity on the bubble departure diameter. Bubble departure diameters 
for different heater surfaces are plotted with respect to the bulk liquid velocity for the heat flux 
range of 42.44 ~ 45.47 kW/m² in Fig. 5.30.  
The dash-dot thick trend line represents the average of measured bubble departure diameters 
for each surface. It shows that in spite of the effect of heater surface characteristics, the bubble 
departure diameter decreases while the bulk liquid velocity increases. The impact of liquid 
velocity on the bubble departure diameters is less at high bulk liquid velocity (0.183 m/s-
0.255 m/s). It proves that the significance of the heater surface characteristics for the bubble 
departure diameter reduces with the increase of the bulk liquid velocity. It should also be 
underlined here that the impact of heater surface characteristics on the bubble departure 
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dynamics can be both impeding and promoting at different bulk liquid velocities. Chapter 6 
analyzes these phenomena. 
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Fig. 5.30. Effect of bulk liquid velocity on the bubble departure (q″ = 42.44 - 
45.47 kW/m²,  ∆Tw = 6.03 - 10.03 K, ∆Tsub = 1.90 ± 0.20 K). 
 
5.4 Chapter conclusions 
Bubble dynamics were experimentally investigated at atmospheric pressure and at low-
subcooling conditions with degassed-deionized water. The test heaters were of stainless steel. 
Experiments were performed for natural circulation and upward flow boiling conditions. The 
impact of heater surface wettability, roughness and bulk liquid velocity were investigated. 
Mutual effects of the parameters surface wettability, roughness and bulk liquid velocity on the 
bubble dynamics was also studied. The following key observations have been made: 
• Surface wettability and roughness have a similar effect on bubble dynamics irrespective 
of natural circulation and upward flow boiling conditions. 
• Bubble growth and bubble base expansion rate are faster for higher liquid contact angle 
hysteresis and lower bulk liquid velocity. 
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• Center of mass of bubble moves faster along the flow direction for well-wetting 
surfaces and higher bulk liquid velocity. 
• Bubble departure diameters are larger for low-wetting surfaces and lower bulk liquid 
velocity. 
• Bubble departure periods decrease with increasing heater surface wettability and bulk 
liquid velocity. 
• For the surfaces with optimum roughness, bubble growth rates and bubble departure 
diameters are largest. A root mean square roughness (Sq) in the range of 0.156 to 
0.202 µm and 0.108 to 0.218 µm has been found as an optimum roughness for both 
natural circulation and upward flow boiling.  
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Chapter 6 
Analysis and Model Development 
 
From the literature survey it is known that the surface wettability is significant for the bubble 
growth and departure [68, 69]. A nano-microscale surface profile has impact on the liquid flow 
in the microlayer (of μm scale) beneath a bubble and the heat transfer to the bubble which 
consequently affects the bubble growth [45, 47, 144]. Nevertheless, the parameters of heater 
surface are yet to be incorporated into a bubble growth model. Therefore, the role of heater 
surface characteristics on the microlayer evaporation and the bubble growth has been 
numerically evaluated in section 6.1. Also, the influence of bulk liquid velocity on the bubble 
growth is analyzed (section 6.2). Finally, in section 6.3 a simplified bubble departure criterion 
is formulated that includes both the surface characteristics and the bulk liquid velocity. 
 
6.1 Numerical evaluation of the role of heater surface characteristics 
A microlayer thickness constant (C2) was introduced in table 2.1 and in the section 2.2. It was 
introduced to take the effect of fluid properties, system pressure and heater surface 
characteristics on the bubble growth into account [53]. C2 was primarily derived for smooth 
surfaces and the derivation was focused on the initial formation of the microlayer. C2 impacts 
the bubble growth rates in an inversely proportional way. Values of C2 were also determined 
by different groups [63, 80]. The present work focuses on the effective impact of the heater 
surface characteristics on the microlayer and the bubble growth prior to departure. Hence, a 
term Ceff is introduced here instead of C2. It accounts for the effective contribution of heater 
surface roughness and wettability on the bubble growth. In the next two sub-sections an 
improved bubble growth model is derived and the constant Ceff is calculated for heater surfaces 
with different characterisics. 
 
6.1.1  Derivation of an improved bubble growth model 
This subsection introduces an improved bubble growth model. It adopts the recent knowledge 
about the bubble growth dynamics and addresses the shortcomings of the existing models. The 
present model has been developed based on the heat transfers that contribute to the bubble 
growth. A schematic diagram with three major heat transfer processes, which have 
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contributions to the growth of a bubble during subcooled nucleate boiling, is shown in Fig. 6.1. 
The following sub-processes are being considered. 
i) The microlayer evaporation ( mlq′′ ) takes the effect of heater surface characteristics on 
the bubble growth into account. Appearance of a dryout area due to the depletion of 
the microlayer beneath a bubble during bubble growth is evident [1, 64, 80]. Yabuki 
and Nakabeppu [65] claimed that high heat transfer occurs at the triple-phase contact 
line of the dryout area for liquids with low latent heat. For liquids with high latent 
heat, the microlayer evaporation is comparatively dominant. If the impact of the 
dryout area is not taken into account, the overvalued microlayer evaporation area 
leads to an overestimation of the microlayer contribution to the bubble growth. 
ii) Heat ( lq′′ ) diffuses from the superheated liquid layer (δw, δl) to the bubble and 
contributes largely to bubble growth. The nucleated bubbles are partly engulfed by 
superheated liquid during subcooled boiling. It could be estimated as a function of 
the bubble growth rate (Ṙ) and the thickness of the superheated layer (δw) on the 
heater surface. 
iii) Condensation heat transfer ( cq′′ ) occurs at the top of a bubble since a portion of the 
bubble may remain in the envelope of the superheated liquid layer and the rest of the 
bubble is exposed to the subcooled bulk liquid. Heat is released from the bubble to 
the subcooled liquid during condensation and consequently, the bubble size is 
reduced. As condensation heat transfer plays an important role in the bubble growth 
model, it should be included in estimating Ceff. 
Here, the considerations for adopting the correlations of suitable sub-models which represent 
the sub-processes for the bubble growth are delineated. The microlayer evaporation is well 
addressed in many bubble growth models [41, 76] (See Table 2.1). But the dryout area had not 
been taken into account in these models. Hence, a mechanistic model, that includes the 
microlayer and the dryout area, is used as a sub-model in this work. The model was primarily 
developed by Cooper [1] as well as Cooper and Llyod [53]. One particular issue associated 
with the model is that it was derived for the initial microlayer thickness constant C2. Here C2 
is replaced by Ceff and it gives the following expression 
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( ) 0 51 02
.
w sat l
eff
dR t T T .
dt C t
ν
φ
−  =  
 
       (6.1) 
 
with φ =ψ �1+ 2
Ceff
2
cpl(Tw0-Tsat)
hfg
. 1
Prl
� and ψ= ρv
ρl
hfg
cpl
Prl. The wall superheat (Tw,0-Tsat) plays the most 
significant role for the bubble growth in Eqn. 6.1. The reason is that the effects of other 
parameters, i.e. inertia, viscosity and surface tension on the bubble growth are counter-acting 
in different orders, though they may affect the microlayer formation and evaporation [53, 145]. 
Thus, this sub-model is more physics-based compared to the models stated in Table 2.1.  
 
 
Fig. 6.1. Main parameters of the bubble growth model. 
 
Liquid inertia and heat diffusion are the controlling factors for the bubble growth. The modified 
correlation of Mikic et al. [75] is adopted as a sub-model to account for these sub-processes in 
the bubble growth model. Their model couples both the inertia and heat diffusion controlled 
bubble growth with the help of the Clausius-Clapeyron equation. It is a distinguishable feature 
compared to the bubble growth model of Plesset and Zwick [59]. For the sake of 
simplifications, heat transfer ( bq′′ ) from the superheated liquid layer to the bulk liquid is 
neglected in the present model which was also done in other approaches (See Table 2.1). Once 
bq′′ is neglected, then it can be considered that a bubble grows in a uniformly heated liquid. 
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Zuber [58] found that the effects of liquid inertia and surface tension are not important, while 
a bubble grows in a uniformly heated liquid. However, the original bubble growth correlations 
by Mikic et al. [75] are as follows 
 
( )dR t A dt.= ⋅ ; 1t+          (6.2 a) 
( )dR t B dt .= ⋅ ; 1t+          (6.2 b) 
Here A = �?́?𝑏 hfgρv∆T
ρlTsat
�
1
2
, B = �12
π
αl�
1
2 Ja, t+= A²t
B²
.  b́ was derived as π 7⁄  for a growing bubble 
attached to a heater surface by equating the work done on the surrounding liquid of a bubble 
and the kinetic energy of the liquid. t+defines the inertia force and heat diffusion controlled 
bubble growth regions. A growing bubble stretches the superheated liquid layer outward and 
the total distance of stretching depends on the bubble height. Hence, the total distance of the 
stretched superheated layer is formulated as a function of bubble height (m·Dx) as shown in 
Fig. 6.1. Here, m is the fraction of the bubble height (Dx) which is covered by the superheated 
liquid layer. The temporal evolution of the fraction of bubble height in contact with the 
subcooled liquid can be defined as 
 
 ( ) ( )( ) ( )
1cond w
x x
X t
S t m .
D t D t
δ ′ = = − +  
 
       (6.3) 
The thermal boundary layer thickness on a heater wall is calculated from δw=
kl
hsp
and hsp=
Nukl
L
 
where L is a characteristic length for flow boiling. It is defined as the distance from the inlet to 
the nucleation onset point. The Nusselt number for a flat plate is calculated either for laminar 
(Nu=0.664Rel0.50Pr0.33) or for turbulent flow (Nu=0.0366Rel0.80Pr0.33). During natural 
circulation boiling, the thermal layer on a heater surface is given as δw=(παtw)0.5 [146]. When 
liquid inertia is the limiting force for the bubble growth (t+ ≪ 1), the bubble growth sub-
process is inferred as follows 
 
( ) ( )( )2 1dR t A S t .
dt
′= ⋅ −         (6.4 a) 
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For heat diffusion controlled bubble growth (t+ ≫ 1) it is 
 
( ) ( )( )2 1dR t B S t .
dt dt
′= ⋅ −         (6.4 b) 
 
The bubble and liquid interfacial heat transfer during condensation is iq′′ = hc(Tsat-Tl), 
 hc=
kl
db
Nuc.  Nuc is the Nusselt number for the condensation of steam bubbles. The correlations 
to determine Nuc for different ranges of Reynolds number are shown in Table 2.1 and 2.2. To 
implement the condensation effect in the present bubble growth model, the correlations of Ranz 
and Marshall [82] (for a spherical water droplet evaporating in air) and Chen and Mayinger 
[72] (for a condensation of steam bubble in liquid water) are used. It is to be noted that the 
liquid subcooling and the relative bubble velocities of the present experiments were low. The 
contribution of condensation heat transfer to the bubble growth is accounted for as 
 
( )3 i
lv v
dR t S q .
dt h ρ
′ ′′
= −          (6.5) 
 
A smaller bubble may grow within the envelope of the stretched superheated liquid layer 
(δw+m·Dx). Hence, a part of the bubble is not exposed to the subcooled bulk liquid and 
condensation heat transfer does not take place. Thus, an improved bubble growth model is 
formulated with the sub-models given in Table 6.1. 
 
Table 6.1: Expressions of the improved bubble growth model. 
 Bubble growing within the 
superheated liquid layer, 
( ) w xD t m Dδ< + ⋅  
Bubble in contact with the subcooled bulk 
liquid, ( ) w xD t m Dδ> + ⋅  
1t+   
( ) 0 502
.
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−  = + 
 
 ( ) ( )( )
0 5
02 1
.
w sat l i
eff lv v
dR t T T S qA S t .
dt C t h
ν
φ ρ
′ ′′−   ′= + ⋅ − − 
 
 
1t+   
( ) 0 502
.
w sat l
eff
dR t T T B .
dt C t dt
ν
φ
−  = + 
 
 ( ) ( )( )
0 5
02 1
.
w sat l i
eff lv v
dR t T T S qB S t .
dt C t hdt
ν
φ ρ
′ ′′−   ′= + ⋅ − − 
 
 
 
Chapter 6 
 
86 
 
6.1.2 Calculation of Ceff 
In this sub-section, the effective microlayer thickness constant Ceff is calculated with an 
iterative approach (Fig. 6.2) using the data from NCB and UFB experiments of this work. The 
temporal evolution of bubble diameter is determined using the bubble growth model given in 
Table 6.1. The model consists of three constants Ceff, b́ and Ś. b́ is kept constant in the 
calculation for all the experimental conditions. Ś is a function of m (Eqn. 6.3) and it is computed 
for a range of m values (40% - 60%). This particular range of values for m is selected based on 
the literature. Yun et al. [74] assumed that 50% of a bubble is in touch with bulk liquid during 
subcooled nucleate boiling. Raj et al. [41] derived the same value (50%) for low bulk liquid 
velocity and low subcooling. Ś may have impact on Ceff. Hence, it is also useful to calculate 
Ceff for a range of m to find-out the influence of condensation on the effective microlayer 
thickness constant. The boundary conditions of experiments are also requird to calculate Ceff. 
The values of the following parameters are obtained from experiments, i.e. system pressure 
(P), bulk liquid temperature (Tl), heater wall temperature (Tw), bubble departure period (td), 
bulk liquid velocity (Vl) and time step (dt). They are employed as input conditions of the 
calculation (Fig. 6.2). 
The fluid properties for different temperatures are calculated using Refprop 7.0. The 
calculation of a bubble size is commenced by assuming a value of Ceff. The value of Ceff is 
guessed within 0.5 to 1.0 for initializing the calculation with the help of experimental 
observations from Cooper and Lloyd [53]. A range of m values (40% - 60%) is given and with 
this a bubble size is determined for the first time step assuming a bubble within the superheated 
liquid layer. Then, the thickness of the superheated liquid layer on a heater (δw) is assessed and 
checked whether the calculated bubble height is within the superheated liquid layer (δw+m·Dx). 
If the bubble is in the superheated liquid, the calculation goes on for the next time steps. When 
the calculated bubble height (Dx) is greater than the total thickness of superheated liquid layer 
(δw+m·Dx), then the condensation heat transfer comes into play. In this step, the bubble size is 
estimated using the expressions in the right hand column in Table 6.1. However, the bubble 
size is calculated for each time step (dt) and the calculation continues until the summation of 
time steps is equal to the total bubble departure period (td). The deviations between the 
experimental and the calculated bubble sizes for each time step are evaluated and averaged 
afterwards. If the value of Ceff is underestimated, the bubble size is larger and vice versa. 
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Therefore, the values of Ceff are iterated according to the discrepancies of experimentally 
measured and numerically calculated bubble sizes of the model. When they agree well, the 
iterated Ceff value is considered as the desired one. 
 
 
Fig. 6.2. Flowchart for the determination of the surface characteristics effect (Ceff) on the 
bubble growth. 
 
Fig. 6.3 shows the temporal evolution of Ś and the corresponding bubble height for two 
different surfaces. Bubble height and Ś are shown with filled and empty symbols. Ś is found in 
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the range of 0.20 to 0.65 while the values of m were varied from 40% to 60%. The portion of 
the bubble in contact with the subcooled bulk liquid is greater when the bubble grows faster. 
The slope of the Ś curves increases at the very beginning of the growth period. After 2.0 ms of 
bubble growth, the bubble growth rates are slowed down and the slope of Ś reduces. 
Additionally, when the fraction of the superheated liquid layer around the bubble surface is 
considered smaller (m = 40%), the condensation rate of the bubble increases for both heater 
surfaces. It may be a limitation that the values of m are assumed constant for the growing 
bubble until its departure. In reality, the bubble growth rate and the corresponding thickness of 
the superheated layer may not be uniform over the total bubble growth period. As a result, 
some deviations may arise from this assumption. However, the bubble sizes and the effective 
microlayer thickness constant (Ceff) have been calculated for a range of Ś values with the 
intention to consider the uncertainties which may originate from the calculation of Ś. In the 
following, the numerically estimated bubble sizes are compared against the experimentally 
measured ones (Fig. 6.4). The calculated bubble sizes include the determined Ceff. Figs. 6.5 and 
6.6 show the predicted Ceff for the corresponding root mean square roughness of the surfaces 
(Sq) and liquid contact angle hyseresis (θhys). The impact of heater surface characteristics on 
the microlayer dynamics and Ceff is discussed later. 
 
The new proposed bubble growth model (Table 6.1) is compared against the experimentally 
measured bubbles sizes in Fig. 6.4. Approximately 95% of numerically calculated bubble sizes 
lie within ± 15% deviation. Though the performance of the model seems satisfactory, still there 
are some sources of discrepancies. The microlayer evaporation sub-model [1] of the present 
bubble growth model did not account for the liquid flow in the microlayer. Also, the appearance 
of a dryout area due to the microlayer depletion which is induced by the heater surface profile, 
was not accounted for properly. The temperature field of the superheated liquid layer around a 
bubble is assumed uniform here, which may not be the real case. Another limitation may be 
that the present model considers that stretching of the superheated liquid layer is solely 
dependent on the bubble growth rate. But thinning of the superheated liquid layer and other 
dynamics if any, may have some impact on the heat transfer to the bubble from the superheated 
liquid layer too. However, still the proposed model is an improved one compared to the existing 
models. Basing on the agreement of the experimental and the numerical bubbles, the derived 
Ceff values are further evaluated. 
Analysis and Model Development 
 
89 
 
0 5 10 15 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
Bu
bb
le 
he
ig
ht
, D
x (
m
m
)
Time, t (ms)
 Dx: Sq = 0.0044 µm, θhys = 39.20°
 Dx: Sq = 0.156 µm,  θhys = 42.05°
0.2
0.4
0.6
0.8
1.0
1.95
2.00
, S': m = 40%
, S': m = 60%
Po
rti
on
 o
f b
ub
bl
e i
n 
co
nt
ac
t w
ith
 su
bc
oo
led
 li
qu
id
, S
'(-
)
 
Fig. 6.3: Temporal evolution of the bubble diameter and of the portion of the condensation 
area (q″ = 22.64 kW/m², ΔTw= 7.25 ± 0.5 K, ΔTsub= 2.5 ± 0.5 K). 
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Fig. 6.4: Comparison of the experimentally and numerically estimated bubble sizes. 
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Figs. 6.5 and 6.6 show Ceff as determined from the model with respect to the root mean square 
roughness and the liquid contact angle hysteresis of heater surfaces, respectively. The square 
(m = 40%) and circular (m = 60%) markers represent Ceff for different heater surface 
characteristics for a heat flux between 22.64 kW/m² and 45.47 kW/m² and bulk liquid velocity 
between 0.025 m/s and 0.183 m/s. The impact of condensation at the bubble cap has been found 
insignificant for the effective microlayer thickness constant (Ceff). The values of Ceff are 
averaged for the surfaces with different roughness in Fig. 6.5. A solid B-spline trend curve of 
the averaged values manifests that the minimum value of Ceff lies between Sq = 0.108 and 
0.218 µm, where the bubble growth rates are maximum (Figs. 5.13 and 5.16). The averaged 
values of Ceff are higher for uncoated smooth surface (Sq ≈ 0.01 μm) and for surfaces with 
roughness (Sq) higher than 0.218 µm. Fig. 6.6 shows that Ceff increases with the heater surface 
wettability and in chapter 5, it was found that the bubble growth rate reduces for the well-
wetting surfaces (Figs. 5.7 and 5.10). Thus, the conclusion of the previous work [1] that the 
bubble growth rate is inversely proportional to the microlayer thickness constant (C2) is in 
agreement with the findings of the present work. Therefore, this range of root mean square 
roughness of surface (Sq) can be referred to as the optimal roughness for the bubble growth 
rate and heat transfer rate. 
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Fig. 6.5: Effect of heater surface roughness on the effective microlayer thickness 
constant (Ceff). 
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The values of Ceff in this study is related to the thermal and hydrodynamic behavior of the 
microlayer. On this regard, the effect of the heater surface characteristics on the microlayer 
needs to be evaluated. The continuity and momentum equations of microlayer 
hydrodynamics [54] include a generalized form of the bubble growth rate (dR dt⁄ ). In addition 
to the effect of bubble growth rate (dR dt⁄ ) on the microlayer, surface roughness and wettability 
may also influence the liquid flow in the microlayer due to the capillary pressure drop and the 
frictional pressure drop. Washburn [147] defined the capillary pressure by the term 
2σcosθ 0.5 Xsm⁄ , where θ is the liquid contact angle and Xsm is the distance between the 
consecutive surface profile peaks. According to the equation of Washburn [147], the capillary 
pressure force would be greater for low-wetting surfaces than for well-wetting surfaces. 
Viscous pressure drop is expected to be greater when the solid-liquid contact area is larger. 
When the surface roughness height is greater than or equal to the microlayer thickness, then 
frictional pressure drop is larger. Hence, the microlayer thickness is supposed to be affected. 
An extended surface may also influence the microlyer evaporation. Basically, evaporation of a 
film takes place when the input energy overcomes the energy barriers of liquid-liquid molecular 
attraction and solid-liquid attraction. Zou [35] commented that an extra solid-liquid interface 
is created by the side-wall of ridges to replace the original liquid-liquid contact. As a result, the 
heat transfer is expedited by the surface roughness, as the solid-liquid attraction is weaker than 
the liquid-liquid attraction. 
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Fig. 6.6: Effect of heater surface wettability on the effective microlayer thickness 
constant (Ceff). 
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The bubble growth rate is generally greater due to the higher evaporation rate of the microlayer 
beneath a nucleated bubble [148]. Greater bubble growth rates are found for the optimal 
roughness of low- and well-wetting surfaces (Figs. 5.13 and 5.16) and for the lower Ceff 
(Fig. 6.5). It also means that the values of Ceff are lower for a higher rate of microlayer 
evaporation. This can be explained as well by the expressions for microlayer thickness and heat 
conduction through the microlayer. If Ceff is used instead of C2 in the expression for the initial 
microlayer thickness which were suggested by Cooper and Llyod [53] and Zhao et al. [146], 
they can be re-written as 
 
( )
2
0 5
2
. eff v fg
ml ,eff eff g
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C Pr h r
C t .
k T
αρ
δ ν= =
∆
      (6.6) 
 
Chen et al. [48] calculated the heat flux of microlayer evaporation as 
 
( )
1
w i
ml
ml l i
T T
q .
k hδ
−
′′ =
+
         (6.7) 
 
Here, tg is the bubble growth time at the point considered, Ti is the temperature of the vapour-
liquid interface and hi is the interfacial evaporative heat transfer coefficient. Eq. 6.6 shows that 
the initial microlayer thickness reduces when Ceff is lower and it results in a greater microlayer 
evaporation (Eq. 6.7). From the above discussion it follows that the additional solid-liquid 
interfaces due to the surface roughness enhance the heat transfer and therefore the values of 
Ceff are lower. But Fig. 6.5 shows that the values of Ceff are also higher for rough surfaces 
(Sq > 0.25 µm). It means that heat transfer may deteriorate at higher surface roughness. This 
can be explained with the help of derivations from literature [2, 79]. There, it is argued that the 
microlayer evaporation rate becomes maximum when the extended surface profile is 
submerged in the microlayer. As a result, the evaporative heat transfer area between the 
microlayer and heater surface is larger [2, 79]. The submerged surface profile in the microlayer 
also decreases the heat transfer resistance by reducing the effective thickness of microlayer 
[79]. Here the effective thickness of the microlayer is the thickness of the microlayer which 
exists above the surface profile. The surface profile may be partially submerged in the 
microlayer for a more extended surface profile. The relevant schematic can be found in 
chapter 2 (Fig. 2.4).  In the case of a partially submerged surface in the microlayer, a portion 
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of the roughness height is outside the microlayer and may hinder the expansion of the 
microlayer beyond the roughness. As a result, the heat transfer may get reduced. On the other 
hand, for a surface profile fully submerged in the microlayer, the microlayer can expand 
beyond the surface roughness. Additionally during the initial bubble growth period, the bubble 
base area is greater on such surfaces, since the surface tension forces at the three-phase contact 
line act outward for low-wetting surfaces [79]. Evetually, one might expect greater microlayer 
evaporation for the low-wetting surfaces with Sq = 0.108 - 0.218 µm. 
 
6.2 Effect of liquid velocity on the bubble growth 
The round markers in Fig. 6.7 show the effect of heater surface characteristics on the effective 
microlayer thickness constant (Ceff). In the previous section it was found that the microlayer 
evaporation and the bubble growth rate are greater when Ceff is lower.  
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Fig. 6.7. Effect of bulk liquid velocity on the effective microlayer thickness constant and 
thickness of superheated liquid layer on heater surface for a surface with Sq = 0.01 µm, θhys 
= 65.30° (q″ = 42.44 kW/m², ∆Tw = 6.24 - 9.20 K, ∆Tsub = 1.68 - 2.10 K). 
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Fig. 6.8. Effect of bulk liquid velocity on the condensation heat transfer coefficient for a surface 
with Sq = 0.01 µm, θhys = 65.30° (q″ = 42.44 kW/m², ∆Tw = 6.24 - 9.20 K, ∆Tsub = 1.68 - 
2.10 K). 
 
Fig. 6.7 depicts that Ceff decreases for a bulk liquid velocity from 0.052 to 0.183 m/s and 
increases suddenly at 0.255 m/s. It means, the contribution of microlayer evaporation 
(influenced by the heater surface characteristics) to the bubble growth increases slightly as the 
bulk liquid velocity increases from 0.052 to 0.183 m/s and the microlayer evaporation is 
extremely low for 0.255 m/s. On the other hand, Figs. 5.19, 5.22 and 5.25 show that the bubble 
growth rate slows down, as the bulk liquid velocity increases from 0.052 to 0.183 m/s. It 
indicates that another heat source may play an influential role in the growth of a bubble. 
Different studies confirmed that the contribution of heat diffusion through the bubble surface 
is greater than the microlayer evaporation [64]. Heat diffusion mainly comes from the 
superheated liquid layer around a bubble (δl). It forms from the superheated layer on the heater 
wall (δw) due to the expansion of a bubble (dR dt⁄ ). Therefore, the influence of the liquid 
velocity on the superheated layer around the bubble is evaluated here. The right y-axis of 
Fig. 6.7 gives the thickness of the thermal boundary layer (δw). It decreases with the increase 
of the bulk liquid velocity. This is because the Nusselt number is positively correlated with the 
Reynolds number and negatively correlated with the thermal boundary layer thickness 
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�Nu= L δw� �. The decrease of the thermal layer thickness with increasing Reynolds number 
reveals that the heat diffusion through bubble surfaces reduces from 0.052 m/s to 0.255 m/s. 
Besides microlayer evaporation and heat diffusion, the bulk liquid velocity may affect the 
condensation heat transfer. Bubble-liquid interfacial heat transfer coefficients are calculated to 
account for the effect of bulk liquid velocity on the condensation heat transfer from a bubble. 
Sub-section 6.1.1 addressed the calculation method for the heat transfer coefficient of a 
condensing steam bubble. Fig. 6.8 shows the temporal evolution of the condensation heat 
transfer on the bubble surface for different bulk liquid velocities. The heat transfer coefficient 
of condensation is greater for the higher liquid velocity and as an effect, it may reduce the 
bubble sizes as well. Thus, the results of Figs. 6.7 and 6.8 justify the findings that the bubble 
growth rate decreases with the increase of the bulk liquid velocity. 
 
6.3 Improved modelling of bubble departure  
6.3.1  Analysis of important parameters 
While a nucleated bubble grows on a vertical heater surface, several forces come into play 
which are pertinent to the liquid-vapor and vapor-solid interfaces. The literature review in 
chapter 2 summarizes that buoyancy (Fb), surface tension (Fs), unsteady drag (Fdu), quasi-
steady drag (Fqs) and added mass force (Fgrowth,bulk) are the dominant forces for the bubble 
departure. The expressions of the forces consist of basic parameters, such as physical properties 
of the fluid (ρl, ρg, σ, ν), slip velocity of the bubble (∆V = Vl-Vb) and geometrical parameters 
of the bubble (dw, R, α, β, φ). Table 6.2 recapitulates these forces and parameters. Here, R, dw, 
α and β are bubble radius, base diameter, advancing and receding contact angles. The bubble 
inclination φ angle is included in the equation for unsteady forces. Though the contact angles 
(α, β) are expected to vary with the expansion and contraction of the bubble base, some groups 
considered the bubble contact angles as constant (α = 45°, β = 36° [91]). Measuring the time 
dependent bubble contact angle is complicated, especially at flow boiling conditions. 
Therefore, the influence of bulk liquid velocity on the bubble contact angles (α, β) is not fully 
conclusive till now. The present experiments were performed at atmospheric pressure and low 
subcooling. Hence, the experimental boundary conditions do not alter the fluid properties 
much. Thus it can be assumed that the total sum of the forces changes with the temporal 
evolution of geometrical parameters of bubbles. 
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The experimental results show that the bubble departure diameter is greater for the larger 
bubble base diameter (dw). Further, dw is an important parameter in calculating Fs, Fcp and Fh. 
Among them Fs is recommended by many groups as a significant force that holds the bubble 
on the surface. Moreover, Fb is greater for larger bubbles, as Fb ∝ R3. On that account, these 
two geometric parameters (R, dw) of a bubble play an opposite role in the bubble departure 
process.  
 
Table 6.2: Simplified expressions for the forces governing bubble detachment [8, 89]. 
Force Expression Simplification 
Surface tension 
force 
( )
( )
( )221 25sy wF . d sin sin .
π α β
σ α β
π α β
−
= − +
− −
 
( )s wF f d , , .α β=  
( ) ( )sy w
F d cos cos .πσ β α
α β
= − −
−
 
Buoyancy force ( )34
3b l g
F R g.π ρ ρ= −  ( )bF f R .=  
Unsteady drag 
force 
2 2 23
2duy l s
F R C R RR sin .ρ π ϕ = − − 
 
   
( )duF f R,R, .ϕ=   
2 2 23
2dux l s
F R C R RR cos .ρ π ϕ = − − 
 
   
Quasi-steady 
drag force 
1 0 650 65
0 652 126 0 796
3
..
.
qs l
b
F VR . .
Re
πνρ ∆
−     = + +       
 ( )qsF f V ,R .= ∆  
Added mass 
force 
22growth,bulk l lxF R V R.πρ=   ( )growth,bulk lF f R,R,V .=   
Contact pressure 
force 
2 2
4 5
w
cp
dF .
R
π σ
=  ( )cp wF f d ,R .=  
Shear lift force 0 252 2 0 5 2 21 3 877 0 014
2
..
sl l s b sF V R . G Re . G .ρ ∆ π
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0 8L sC . G= , s
dV RG .
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( )slF f V ,R .= ∆  
Hydrodynamic 
pressure force 
2
29
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w
h l
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According to Klausner et al. [91], unsteady drag force (Fdu) acts towards the heater surface and 
Thorncroft et al. [89] suggested that added mass force (Fgrowth,bulk) solely acts upward and 
expedites the bubble departure process. The directions of these forces (Fdu, Fgrowth,bulk) were 
already introduced in chapter 2. The bubble radius (R) and the bubble growth rate (Ṙ), which 
are geometric parameters, are both factors of Fdu and Fgrowth,bulk. Fgrowth,bulk is dependent on 
bulk liquid velocity (Vl) and Fqs is affected by relative velocity (∆V = Vl-Vb). As a result, the 
bubble departure can be predicted by the bubble radius (R), bubble base diameter (dw), bubble 
growth rate (Ṙ or dR dt⁄ ) and relative velocity (∆V=Vl-Vb). Fb and Fgrowth,bulk increase largely 
over time for a growing bubble and they contribute a huge amount to overcome the hindering 
exerted on a bubble by Fs, Fduy and Fqs during departure. Fb, Fgrowth,bulk and Fduy are third and 
second degree functions of bubble radius. It implies that the bubble size (R) and bubble growth 
rate (dR dt⁄ ) play a significant role for bubble departure. The above mentioned idea of 
estimating the bubble departure phenomenon is analyzed below for surfaces with different 
wetting characteristics and roughness (Figs. 6.9 and 6.10). 
Fig. 6.9 shows that bubble size (Deq), bubble base diameter (dw) and bubble growth rate (dR dt⁄ ) 
increase with the liquid contact angle hysteresis. The effect of surface wettability on the relative 
velocity before bubble departure and on the bubble growth rate seems to be opposite. However, 
surface tension force (Fs) and unsteady drag force (Fduy) on a bubble can be greater for low-
wetting surfaces, since Deq, dw and dR dt⁄  are greater for a surface with higher liquid contact 
angle hysteresis. Both of these forces retard the bubble departure. A large bubble size for a 
low-wetting surface also leads to a greater buoyancy force (Fb). Added mass force (Fgrowth,bulk) 
and quasi-steady drag force (Fqs) may become greater with the decrease of surface wettability 
and expedite the bubble departure process. Fig. 6.9 manifests that the bubble departure is 
comparatively earlier and a bubble departure diameter is smaller for well-wetting surfaces. It 
means that the geometrical parameters are comparatively less effective for low-wetting 
surfaces compared to well-wetting surfaces in the bubble departure. 
The influence of surface roughness on the dominant parameters of bubble departure is shown 
in Fig. 6.10. Bubble size (Deq) and bubble base diameter (dw) are larger for the intermediate 
roughness of Sq = 0.218 µm. A relative velocity (∆V = Vl-Vb) is generally lower for 
Sq = 0.108 µm and it exceeds 0.12 m/s during departure. A common tendency of the temporal 
evolutions of bubble growth rate (dR dt⁄ ) is that they become almost asymptotic at bubble 
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departure. The bubble growth rate is lower for Sq = 0.549 µm compared to other two rough 
surfaces. The bubble departure diameter is slightly smaller for Sq = 0.108 µm than for 
Sq = 0.218 µm, though the departure period is much smaller for the former surface 
(Sq = 0.108 µm) compared to the latter (Sq = 0.218 µm).  
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Fig. 6.9. Effect of influential parameters on the bubble departure for surfaces with different 
wetting characteristics (q″ = 42.44 kW/m², ∆Tw = 6.56 K, ∆Tsub = 1.72 K, Vl = 0.183 m/s) 
↑ indicates the bubble departure point. 
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Fig. 6.10. Effect of influential parameters on the bubble departure for surfaces with different 
roughness (q″ = 45.47 kW/m², ∆Tw = 8.70 K, ∆Tsub = 1.76 K, Vl = 0.105 m/s). ↑ indicates the 
bubble departure point. 
 
Fig. 6.10 shows that the bubble departure periods are longer for larger bubble bases. Similar 
results have been found in Fig. 6.9. Since the effect of bubble growth rate is indistinguishable 
for Sq = 0.108 µm and 0.218 µm, (Fig. 6.9), buoyancy (Fb) and added mass force (Fgrowth,bulk) 
must be convincingly greater for surfaces with Sq = 0.108 µm. The surface tension force (Fs) 
towards the heater wall is expected to be lower for Sq = 0.108 µm and greater for 
Sq = 0.218 µm due to the smaller and larger bubble base diameter, respectively. The unsteady 
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drag force (Fdu) may be higher due to the larger bubble size at Sq = 0.218 µm. The low-wetting 
surface (θhys = 65.30°) in Fig. 6.9 and the surface with the roughness of Sq = 0.218 µm in 
Fig. 6.10 were found to produce a larger bubble departure diameter and a longer departure 
period. Thus, the behaviour of these two surfaces is similar with respect to bubble departure 
size and period. 
The non-zero dw at bubble departure leads to the conclusion, that surface tension force (Fs) 
keeps acting during departure. At such a condition, a bubble departs from the cavity, slides, but 
does not detach from the surface. Hence, the departure mechanism for the bubbles in Figs. 6.9 
and 6.10 shall be sliding rather than detachment. All the considered geometrical parameters of 
a bubble do not account for the actual magnitude of forces. But they represent the qualitative 
implications of the associated forces. Bubble size (R) and the bubble growth rates (Ṙ) are 
repetitively used in models for both the hindering and expediting forces for bubble departure. 
That is, some geometrical parameters have a counteracting effect on bubble departure. As a 
consequence, estimating the bubble departure by a single bubble geometrical parameter would 
not be sufficient. Hence, a proportional representation of these geometrical parameters may 
provide a criterion for the bubble departure. 
 
6.3.2  Formulation of a bubble departure criterion 
The derivation of a bubble departure criterion based on geometrical parameters is not 
uncommon in literature. Wu et al. [115] assumed that the effect of bubble contact angle is 
insignificant for bubble departure and the surface tension force is proportional to the bubble 
base diameter. With this assumption, they proposed a simple bubble departure criterion 
(Vl·R= constant) that comprises the bulk liquid velocity and the bubble size. Such an approach 
is improved further in the present work with further considerations. It has been already 
discussed above that the buoyancy force (Fb) acts along the flow direction and promotes bubble 
departure. Req3  is the main factor in the expression of buoyancy force (Fb). If the effect of bubble 
contact angle is neglected, then surface tension force (Fs) is mainly a function of dw. The 
surface tension force (Fs) impedes the departure of a bubble as it acts towards the heater 
surface. One proportional term (dw Req3⁄ ) can be formulated out of these two forces. The 
proposed term represents the dominating characteristics of the ratio of surface tension (Fs) and 
buoyancy (Fb) forces. Apart from the buoyancy and surface tension force, three other forces 
(Fdu, Fgrowth,bulk and Fqs) are considered as being influential for bubble departure. Among them, 
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Fdu and Fgrowth,bulk act in reverse directions and both of them are function of the bubble growth 
rate (Ṙ). The role of Fqs in the departure of a bubble is dependent on the (+ or -) sign of the 
relative velocity (∆V = Vl-Vb). Considering the last three forces, another term as a function of 
bubble growth rate (Ṙ) and relative velocity (Vl-Vb ) is suggested here. 
Hence, it is postulated that these terms decrease with time and they become asymptotic when 
a bubble departs from its nucleation cavity. This means, that unlike the bubble size, the 
importance of the bubble base diameter in the term (dw Req3⁄ ) reduces over time. Another term 
f(R,̇  (Vl-Vb)) is a function of Ṙ and (Vl-Vb ). As both of these terms become asymptotic, their 
time derivative is multiplied to find the minimum value. The relation becomes 
 
( )3w l b
eq
dd dmin f R,V V .
dt R dt
    ⋅ −       
        (6.8 a) 
 
This is proposed as a bubble departure criterion, i.e., a bubble departs from a nucleation cavity 
when it satisfies Eqn. 6.8 a. The experimental data of the present study were used to find-out a 
particular formula from f(R,̇  (Vl-Vb)). For that f(R,̇  (Vl-Vb)) is considered here as several 
options: Ṙ(Vl-Vb),  Ṙ
2(Vl-Vb),  Ṙ (Vl-Vb)⁄  and  Ṙ
2 (Vl-Vb)� . The bubble diameters which agree 
with the proposed expression (Eqn. 6.8 a), have been compared against the experimental 
results. From that is it found, that the numerically obtained bubble diameters fit best against 
the experimental result for the following criterion: 
 
( )23w eq l b
eq
dd dmin R V V .
dt R dt
    ⋅ −       
        (6.8 b) 
 
The comparison of the bubble departure diameter for Eqn. 6.8 b and the experimental result is 
shown in Fig. 6.11. The experimentally measured bubble departure diameters for all the heater 
surfaces and bulk liquid velocities for upward flow boiling are plotted along the x-axis of 
Fig. 6.11. The y-axis represents the diameter of the bubbles obtained from Eqn. 6.8 b. 66% of 
the experimentally measured bubble departure diameters satisfy the proposed criterion with 
±10% deviation. 90% are within a ±25% of error bound. 
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Fig. 6.11. Comparison of experimental and numerical bubble departure diameter. 
 
6.4 Chapter conclusions 
In this chapter, experimental results of isolated bubble dynamics for nucleate boiling obtained 
in this work were analysed and use to develop new mechanistic models. The impact of heater 
surface characteristics on the bubble growth was numerically evaluated and a simplified bubble 
departure criterion was derived. An improved bubble growth model which comprises three 
different sub-models has been proposed as well. The developed models capture the effect of 
heater surface wettability and roughness on the bubble dynamics. The limitations of the 
existing models have also been addressed. The proposed bubble growth model is: 
 Bubble growing within the 
superheated liquid layer, 
( ) w xD t m Dδ< + ⋅  
Bubble in contact with the subcooled bulk liquid, 
( ) w xD t m Dδ> + ⋅  
1t+   
( ) 0 502
.
w sat l
eff
dR t T T A.
dt C t
ν
φ
−  = + 
 
 ( ) ( )( )
0 5
02 1
.
w sat l i
eff lv v
dR t T T S qA S t .
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φ ρ
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Here, A = �b́ hfgρv∆T
ρlTsat
�
1
2
, B = �12
π
αl�
1
2 Ja, Ś(t)=1- � δw
Dx(t)
+m� , t+= A²t
B²
, φ =ψ �1+ 2
Ceff
2
cpl(Tw0-Tsat)
hfg
. 1
Prl
� 
and ψ= ρv
ρl
hfg
cpl
Prl. Ś is the portion of bubble in contact with the subcooled liquid. Ceff is the 
effective microlayer thickness constant. The temporal evolution of the bubble size is calculated 
using the above bubble growth model. Results were compared against the experimentally 
measured bubble size. The impact of heater surface wettability and roughness on the constant 
Ceff is untangled and the values of Ceff for different heater surface wettability and roughness 
are calculated. 
 A bubble departure criterion has been formulated in this chapter which was derived from the 
the force balance expressions. The expression is: 
 
( )23w eq l b
eq
dd dmin R V V .
dt R dt
    ⋅ −       
  
 
90% of the experimentally measured bubble departure diameters agree within a ±25% error 
bound. 
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Chapter 7 
Summary and outlook 
 
The conducted research work was dedicated to investigate the effect of heater surface 
characteristics and bulk liquid velocity on the single bubble dynamics on vertical heater 
surfaces for nucleate boiling. The experiments were performed for natural circulation and 
upward flow boiling conditions. In the experiment, degassed deionized water (subcooling 
range = 1.68-4.00 K) at 1 atmospheric pressure was used. Test heaters were of stainless steel. 
Heater surface characteristics were distinguished by wettability and roughness. Different 
surface preparation techniques, such as self-assembled monolayer (SAM) coating, wet-etching 
and high-power pulsed laser irradiation were employed to modify the surface wettability and 
roughness. The difference between the advancing (θadv) and receding (θrec) liquid contact angle 
on a surface, which is known as the liquid contact angle hysteresis (θhys), has been used as an 
indicator for surface wetting characteristics. The surface profiles were analyzed using confocal 
microscopy. The roughness parameters, e.g., root mean square roughness (Sq) and maximum 
roughness height (St), were measured. The size of the test heaters was 130 x 20 mm². In total 
18 surfaces with different characteristics were prepared. 9 surfaces were used for each 
experimental condition (natural circulation boiling and upward flow boiling). The influence of 
surface wettability on the bubble dynamics was studied for polished surfaces (Sq ≈ 0.01 μm). 
The surface roughness effect on the bubble dynamics was investigated for constant liquid 
contact angle hysteresis of 40.05°±1.5° and 59.97°±1.5° in natural circulation and flow boiling 
experiments. An artificial cylindrical cavity of size 1963.5 µm² and 50 µm depth was prepared 
by a microlaser on all the test heaters to generate bubbles in a specific position. For natural 
circulation boiling, applied heat fluxes to heaters were between 19.22 kW/m² and 
30.29 kW/m². The upward flow boiling experiments were performed for a range of bulk liquid 
velocity from 0.052 m/s to 0.183 m/s and heat fluxes of 39.41 kW/m² to 45.47 kW/m². In total, 
87 experiments were conducted. High-resolution imaging was used to record the bubble life 
cycle and the image processing software ImageJ was employed to process the captured videos. 
The temperature of bulk liquid was measured using K-type thermocouples. The time- and area-
averaged heater wall temperature was determined using infrared thermometry and a K-type 
thermocouple for natural circulation boiling and upward flow boiling conditions. Particle 
image velocimetry (PIV) technique and a Coriolis flow meter were used to measure the average 
bulk liquid velocity. A high resolution optical shadowgraphy technique was employed to 
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capture the major stages of a bubble ebullition cycle, namely bubble generation, growth, 
departure, sliding and lift-off. The stages prior to departure were also analyzed in this work. 
Bubble height, bubble width, bubble base diameter and center of mass of a bubble were 
determined by processing the images. Bubble equivalent diameters were calculated from the 
geometrical mean of bubble width and height. Based on the experimental data, the following 
findings were obtained for bubble growth and departure mechanisms: 
(i) Bubble size is larger and growth period is shorter for higher heat flux. The effect of 
surface wettability and surface roughness on the bubble dynamics is found to follow 
similar trends for natural circulation and upward flow boiling. 
(ii) Rate of bubble base expansion and bubble growth are found faster for higher liquid 
contact angle hysteresis. The center of mass of a bubble moves faster along the flow 
direction for well-wetting surfaces. Bubble sizes prior to departure are larger and 
the departure periods are longer for the surfaces with low wettability. The bubble 
departure diameters are found to increase from 0.75 mm to 1.75 mm with the 
increase of liquid contact angle hysteresis from 42.32° to 65.30°. 
(iii) An intermediate roughness of a surface enhances the bubble growth rate and bubble 
size, which is a unique finding of this work. The bubble base expansion rate and the 
bubble growth rate are found maximum within an intermediate root mean square 
roughness (Sq) range of 0.156 µm to 0.202 µm for natural circulation boiling. For 
upward flow boiling experiments, the bubble base expansion rate and the bubble 
growth rate are greatest for Sq between 0.108 µm and 0.218 µm. The bubble 
departure diameters for a wide range of bulk liquid velocity and heat flux are 
averaged and larger bubble departure diameters are obtained for surfaces with 
Sq = 0.218 µm. The surfaces roughness extends the heat transfer area beneath the 
bubble base. It is found that the influence of surface roughness height on the bubble 
growth rate depends on the thickness of microlayer as well as on the bubble base 
radius.  
(iv) For higher bulk liquid velocity bubble growth rate is found to decrease. Bubble 
departure diameter and bubble departure period also decrease with the increase of 
bulk liquid velocity for different heater surface characteristics. From averaged 
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bubble departure diameters, it is found that the decrease of bubble departure 
diameter is greater for low bulk liquid velocity regime (0.052 m/s-0.16 m/s). 
 
Experimental results showed that heater surface characteristics play an important role in the 
bubble growth and departure process in nucleate boiling. With the intention to model the effect 
of heater surface characteristics, an improved bubble growth model was formulated. Existing 
bubble growth models do not include the effect of heater surface characteristics in an 
appropriate way. The proposed bubble growth model incorporates the most plausible 
mechanisms. The three main heat transfer mechanisms of the model are microayer evaporation 
with dryout area, inertia controlled and heat diffusion controlled bubble growth and 
condensation at the bubble cap. The model also considers that the superheated liquid layer on 
the heater wall is pushed outward by a growing bubble and the stretched superheated liquid 
layer engulfs a portion of the bubble. Condensation takes place at the bubble cap which is not 
within the envelope of the superheated liquid layer but in touch with the subcooled bulk liquid. 
The proposed bubble growth model consists of three constants for the contributions of different 
heat transfer mechanisms to the bubble growth. These are the effective microlayer thickness 
constant (Ceff) for microlayer evaporation, b́ for the heat diffusion and Ś for a portion of bubble 
in contact with the subcooled liquid. The proposed bubble growth model is as follows 
 
 Bubble growing within the 
superheated liquid layer, 
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The effective microlayer thickness constant (Ceff) defines the influence of heater surface 
characteristics on the evaporation of microlayer and consequently on the bubble growth rates. 
Bubble sizes were calculated using the above formulation and were compared against the 
experimental data to determine Ceff. In the model, b́ was kept constant (π 7⁄ ) and Ś was varied 
between 0.35-0.65 (m = 40%-60%) to check the significance of Ś for Ceff. Ceff was found 
minimum for low-wetting surfaces and for Sq between 0.108 µm and 0.218 µm for natural 
circulation and flow boiling cases.  The calculated values of Ceff can be used in the bubble 
growth models to predict the effect of heater surface characteristics on the bubble departure. 
An attempt has been made to develop a bubble departure criterion considering the significant 
forces which act on a nucleating bubble. The force balance equations were simplified and the 
most important geometrical parameters extracted. Finally, a bubble departure criterion was 
developed. 90% of the measured bubble departure diameters fit to the model with ±25% 
deviation. The suggested bubble departure criterion is:  
( )23w eq l b
eq
dd dmin R V V .
dt R dt
    ⋅ −       
    
Thus, the major results of this thesis are: a more physics-based model of the bubble growth, an 
expression for the impact of heater surface characteristics on the bubble growth and a simpler 
expression of a bubble departure criterion. This should be useful to predict the nucleate boiling 
heat transfers more reliably and accurately in the future. The findings of this investigation can 
predict suitable heater surface characteristics for increasing the bubble departure diameter in 
nucleate boiling. Eventually, the outcome of this thesis is significant for designing the heater 
surfaces with a systematic combination of roughness and wettability to enhance the heat 
transfer. 
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Fig. A.1.2D Surface profiles from the confocal microscopy of mirror polished (a), 5 mins 
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Table A.1: Parameters of the mirror polished and SAM coated stainless steel surfaces. 
Sample 
no. 
Preparation 
methods 
Surface profile Surface wettability 
Polishing SAM 
coating 
Sq (μm) St 
(μm) 
Advancing, 
θadv (°) 
Receding,
 θrec  (°) 
Hysteresis, 
θhys (°) 
01 × EDA 0.00401 0.074 61.6 28 33.6 
02 ×  0.00448 0.167 60.3 21.1 39.2 
03 × HDPA 0.00423 0.127 105 33.8 71.2 
04 × HDPA 0.0102 0.175 91 25.7 65.30 
05 ×  0.0098 0.209 74.87 25.65 49.22 
06 × EDA 0.009 0.14 62.27 19.95 42.32 
 
 
 
Table A.2: Parameters of the wet-etched stainless steel surfaces. 
Sample 
no. 
Preparation 
methods 
Surface profile Surface wettability 
Polishing Etching 
(mins) 
Sq 
(μm) 
St 
(μm) 
Advancing, 
θadv (°) 
Receding,
 θrec  (°) 
Hysteresis, 
θhys (°) 
07 × 5 0.09 0.821 66.45 13.1 53.35 
08 × 5 0.108 0.914 78.08 18.09 59.99 
09 × 8 0.218 1.748 83.55 22.08 61.47 
10 × 25 0.406 3.21 80.66 20.94 59.72 
11 × 30 0.459 3.54 77.42 12.04 65.38 
12 × 35 0.549 3.57 91.49 28.86 58.47 
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Table A.3: Parameters of the mirror polished and wet-etched stainless steel surfaces. 
Sample 
no. 
Preparation methods Surface 
profile 
Surface wettability 
Polishing SAM 
coating 
Etching 
(mins) 
Sq 
(μm) 
St 
(μm) 
Advancing, 
θadv (°) 
Receding
, θrec  (°) 
Hysteresis, 
θhys (°) 
13 × HDPA 15 0.26
6 
1.867 103.02 35.47 68.56 
14 × EDA 22 0.39
2 
2.884 70.814 24.863 45.95 
 
 
 
 
Table A.4: Uncertainities of parameters of the mirror polished, SAM coated and wet-etched 
stainless steel samples (Er = Uncertainities). 
Sample No. SqEr± (µm) StEr± (µm) θadvEr± (°) θhysEr± (°) 
01 0.835e-3 0.0044 0.694 0.748 
02 0.154e-3 0.0362 0.75 0.741 
03 0.424e-3 0.0173 2.415 1.988 
04 0.00149 0.023 3.312 3.435 
05 0.00195 0.036 0.715 1.630 
06 0.00148 0.024 1.476 1.921 
07 0.00648 0.0585 2.508 2.438 
08 0.0086 0.092 2.007 3.899 
09 0.0134 0.183 2.025 3.246 
10 0.0194 0.229 2.952 4.109 
11 0.01987 0.150 6.003 2.483 
12 0.0275 0.250 2.525 3.04 
13 0.0178 0.174 1.236 0.830 
14 0.0179 0.285 1.593 2.982 
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Fig. A.2: 2D surface profiles of laser treated samples obtained from confocal microscopy. 
Laser scanning speed of 10 mm/s (Sq = 0.064 µm) (a), 0.5 mm/s (Sq = 0.422 µm) (b), 1 mm/s 
(Sq = 0.204 µm) (c) and 5 mm/s (Sq = 0.156 µm) (d). 
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Table A.5: Parameters of the laser treated stainless steel surfaces. 
Sample 
no. 
Preparation methods Surface profile Surface wettability 
Polishing Laser 
irradiation 
(mm/s) 
Sq 
(μm) 
St 
(μm) 
Advancing, 
θadv (°) 
Receding,
 θrec  (°) 
Hysteresis, 
θhys (°) 
15 × 10 0.0637 0.459 97.53 75.39 22.14 
16 × 0.5 0.4224 2.756 74.38 34.68 39.7 
17 × 1 0.202 1.375 74.13 32.22 41.90 
18 × 5 0.156 0.992 77.85 35.80 42.05 
 
 
Table A.6: Uncertainities of parameters of the laser treated stainless steel samples 
(Er = Uncertainities). 
Sample No. SqEr± (µm) StEr± (µm) θadvEr± (°) θhysEr± (°) 
15 0.00339 0.0189 1.520 2.783 
16 0.01486 0.108 0.0798 0.0384 
17 0.00829 0.055 6.879 3.771 
18 0.00603 0.040 5.305 1.471 
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